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INTRODUCTION 


Of the millions of pollen grains produced by a single maize plant 
(Zea mays L.) not many more than 1 in 25,000 effect fertilization ; 
the others perish. To a large extent chance determines which grains 
function and which are wasted, but survival or demise is not wholly 
a matter of chance. An element of selection intervenes, resulting in 
a differential survival value of certain sorts of pollen grains. 

Some pollen grains bear within them a hereditary pattern that 
precludes functioning irrespective of external agencies. Others have 
a genetic complex that enables them to survive certain unfavorable 
environments. An example of the latter class is found in the so-called 
waxy gene—the hereditary element that produces a form of starch 
giving a red instead of a violet reaction with iodine. Pollen grains 
possessing the waxy gene, and in consequence having rec |-staining 
starch, sometimes survive conditions that are lethal to grains con- 
taining the form of starch normal to commercial varieties. 

Some years ago, in the course of an investigation of the factors 
affecting variability of cross-over ratios in maize, it was unexpectedly 
discovered that the proportion of functioning pollen grains bearing 
the waxy gene to those bearing its dominant allelomorph could be 
profoundly altered by storing the pollen for several hours in the 
sunlight. Storage for the same length of time in the dark was in- 
effective. 

This phenomenon was verified for 3 successive years, while at- 
tempts were made to standardize treatments and develop a technique 
that would result in a uniform reaction. Satisfied by these early 
experiments that the observed results were real, a project was launched 
in an attempt to determine the causal factors that operated during 
the storage period. The results were disconcerting in that the effects 
of many of the treatments contradicted the work of previous years. 

Consequently a return was made to the original technique, with the 
surprising result that treatments formerly effective in increasing the 
proportion of functioning waxy ? pollen grains were found now to be 

1 Received for publication Sept. 19, 1935; issued March 1936 
2 The two sorts of pollen grains dealt with in this study are designated ‘‘horny”’ or “‘waxy’’ depending 
upon which member of the allelomorphic pair Wz, wr they bear. No ambiguity should result from this 


practice, and by this means the awkward expressions ‘‘waxy bearing’’ and ‘‘nonwaxy bearing”’ are avoided 
while the advantage of contr: asting names is obtained. 
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lethal. Pollen exposed to direct sunlight for periods even as short as 
10 minutes was completely devitalized. 

The accumulating inconsistencies, probably rather more than the 
merits of the problem itself, stimulated further investigation and 
prolonged the study. Much remains to be done before a complete 
knowledge is attained of the factors that bring about the differential 
functioning of these two sorts of pollen grains. Definite evidence has 
been obtained that even with genetically uniform stocks the pollen 
of some plants behaves differently under adverse treatments from 
that of others. Clearly the conditions under which pollen is pro- 
duced are important factors in determining its subsequent reaction. 
Since the conditions operating throughout the maturing of pollen are 
largely beyond artificial control it is evident that physiologically 
identical pollen samples are not to be had from place to place or from 
season to season. 

It is still not possible to outline a treatment that will produce a 
predictable alteration in the proportion of waxy to horny functioning 
pollen grains. However, some of the difficulties encountered in these 
investigations and the means employed to surmount them may be of 
interest to those undertaking similar studies in the physiology of 
pollen. 

In the course of this study extensive data have been assembled, and 
it is the purpose of the present paper to summarize this accumulated 
information. 

REVIEW OF LITERATURE 


The literature on the effect of pollen storage on Mendelian ratios 
is brief, but several papers on gametic selection have a direct bearing 
on this subject. 

Knowlton (/3),* in a study of pollen longevity, found that the 
maximum 5 Bnd of fertilizing power of pollen of Golden Bantam 
sweet corn was from 70 to 80 hours. He concluded that the death of 
corn pollen is caused by desiccation but pointed out that moisture is 
not the only important factor since life is not greatly prolonged by 
storage under conditions which retard evaporation. He failed to 
obtain seeds with pollen stored over calcium chloride at a temperature 
of 34° C., but his shortest period of storage in this experiment was 
6 hours. 

In several of Knowlton’s experiments the percentage of functioning 
grains was higher after a long period of storage, as, for example, when 
pollen was stored at a humidity of 80 to 90 percent at 20°C. With 
pollen treated in this manner he obtained the following percentages 
of fertilization: 24 percent at 6 hours, 67 percent at "24 hours, “82 
percent at 30 hours, 5 percent at 36 hours, 23 percent at 48 hours, and 
6 percent at 54 hours. These percentages were obtained by counting 
the fertilized and unfertilized ovules in each ear, but only the number 
of ears is given. In the experiment just mentioned, two ears were 
used for each period with the exception of the 48-hour period, when 
three ears were pollinated, and of the 54-hour period, in which only 
one ear was pollinated. From the published data no estimate of 
errors is possible, and probably none is justifiable because of the 
great vanability, but it is of interest to observe that apparently 
certain storage conditions are favorable to longevity of corn pollen. 


J Reference is made by number (italic) to Literature Cited, p. 120. 
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Knowlton (13, p. 787) states: 

The results from the storage experiments with pollen were exceedingly variable. 
Many factors that are difficult to control may influence the results. Pollen 
produced in different seasons and under diverse conditions is, in some way, 
physiologically different, as is shown by differences in water content, the different 
optimum sugar concentrations required for germination, and the variation in 
duration of life. 

Holman and Brubaker (//a) tested the longevity of pollen of about 
fifty species when stored in the dark under various degrees of humid- 
ity. Their measure of vitality was the ability of the grains to germi- 
nate in sugar solutions. Certain difficulties were encountered in 
obtaining uniform samples of pollen, which they believe could be 
obviated by mechanical mixing. However, they noted with several 
species that the lots of pollen contained some grains much longer 
lived than others. They state: 

In brief, it may be said, then, that in the case of many pollens each lot consists 
of a relatively large number of grains which retain their viability for a relatively 
short period, and a smaller number, constituting generally less than 10 percent 
of the whole, which survive storage several times as long as the others. 

They note also that the pollens of the grasses differ from those of 
most other plants tested in that the death of grass pollen is caused 
by the loss of water, whereas lowering the water content extends the 
life of many other plants. 

Brink (3) reports unpublished experiments of Thelma McWilliams 
on pollen storage that not only failed to increase the proportion of 
functioning waxy pollen but in fact showed the opposite effect. In 
these experiments aging pollen tended to lower the proportion of 
effective waxy pollen grains. 

Sprague (2/1) investigated the time required for germination by 
different sorts of maize pollen on excised silks. He found that on the 
average waxy pollen grains required 3.8 minutes longer for germination 
than did the horny pollen grains. This time differential was very 
much greater when the pollen grains were carrying the sugary gene 
in addition to the waxy one. It is quite possible that the effects 
observed from pollen storage are brought about by changing the time 
required for germination by different sorts of pollen grains. 

Ciesielski (6), working with hemp (Cannabis sativa L.), conducted 
experiments on the alteration of the sex ratio resulting from the use 
of stored pollen. After finding a minor difference in the ratio between 
seeds resulting from early morning pollinations and those from pollina- 
tions made in the afternoon, he tried storing pollen in paper. He 
states (6, pp. 10-11): 

In view of the success of these experiments in fertilization I took up, in 1877, six 
female plants with their roots, before they had fully produced their flowers, and 
transplanted them into pots: as soon as the plants were well-rooted I transferred 
the pots to the windows of two rooms looking south, three pots in each room. 
Thereafter, with a brush, I fertilized the three plants in one room with pollen 
which I collected from anthers just dehiscing and not yet fully open (this pollen I 
shall refer to as ‘‘fresh’’), and the three pots in the other room I also fertilized by 
means of a brush, but with pollen taken in the morning and kept in paper till 
evening. The three plants fertilized with “fresh’’ pollen produced 120 seeds; 
the three fertilized with ‘‘stale’”’ pollen produced 96 seeds. 

In 1878 I sowed in my garden with great care the seeds of the two lots sepa- 
rately, at distances of 20 centimetres. The 120 seeds derived from fertilization 
with fresh pollen produced 112 plants, of which only six were female, all the rest 
being male. But the other 96 seeds, sprung from fertilization by stale pollen, 
produced 89 plants, every one of which was female. I have several times since 
repeated the experiment, always with a similar result. 
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The actual experiment reported leaves no room for doubt as to the cor 
different sex ratio in the two lots of seed, but since no mention is made miu 
as to the common source of the pollen it does not follow that the por 
results are due to the effects of storage. However, in view of the to 
statement of the results of repetitions, there is little reason to question ler 
the effects of pollen storage on the sex ratio in hemp. R. 

Mangelsdorf (16, 17) has shown that certain types of maize pollen v0) 
can be sorted mechanically by means of bolting sieves. Although tra 
size diflerences in pollen grains have no direct bearing on storage, the fac 
fact that such differences do exist must be taken into account in by 
sampling. Vill 

Bond (1), working with shape and color of seeds in peas, has shown He 
that the Mendelian proportions of these characters are altered by gre 
pollen storage, although he made no direct storage experiments. In pel 
his investigations pollen was applied to mature and immature stigmas 
That on the immature stigmas presumably was stored until the stig- 
mas were receptive. 

Christie and Wriedt (5) found a seasonal variation in the Mendelian die 
ratios of certain color factors in pigeons and chickens, but they failed Med 
to discover any seasonal effect on the ratios of yellow and green or om 
tall and dwarf peas. sh 

Correns (8a) investigated the effect of aging pollen on the sex ratio es 
in Mercurialis. Pollen was stored for various periods up to 120 days, 
and the seeds resulting from the treated pollen were planted with a ied 
control obtained by the use of fresh pollen. In general it was found a 
that the older the pollen the higher the proportion of male to female ond 
plants in the progeny. a 

Malhotra (14, 15) showed that the sex ratio in asparagus could be pry 
altered by pollen storage. Certain treatments increased the ratio of dif 
male to female plants whereas other treatments reversed this effect. de 

Sisa (20) found that pollen vitality in cucurbits changed rapidly mee 
with age. He observed that the germinating power of pollen in flower th 
buds increased from early morning until 9 a. m. of the day preceding one 
blooming. From this time until the flowers opened the germinating tic 
power decreased slowly, but at 10 a. m. of the day of blooming there | 
was a sudden decrease in pollen vitality. vi 

Nakamura (/8) records a remarkable fluctuation in the occurrence il: 
of imperfect pollen grains in Jmpatiens balsamina L. assocated with My 
changes in the air temperature. He found that imperfect pollen po 


grains varied from 9 to 100 percent, the imperfections being due to cae 
irregularities in meiosis. Normal cell divisions took place when the TI 
maximum air temperature was less than 30° C., but at temperatures 


above this point there is nonconjunction, nondisjunction, lagging, - 
grouping, etc. Irregularities of this nature are not present to com- 
plicate the problem of differential functioning of maize pollen. Classi- be 
fication of pollen samples by staining with iodine shows great regu- oi 
larity in the ratio of waxy to horny grains, and it must be concluded on 
that these two sorts of pollen are formed in the expected proportions. ; : 
Haigh and Lochrie (/1), in a study of seasonal effect on Mendelian ‘> 
ratios in Vigna, found a strong tendency for the plants to produce an til 
excessive proportion of recessive forms in the first flowers and a cor- 
responding excess of the dominant forms in the last flowers. th 
Sasahi (19) cultivated pollen in vanous nutrient media and also ae 


studied how long it would retain its power to form pollen tubes. He 
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concluded that maize pollen was preserved best at 50 percent hu- 
midity. He found that the duration of the preservation of fertilizing 
power does not always coincide with the preservation of the ability 
to form pollen tubes and concluded that the duration of the real 
fertilizing power must be determined by actual pollinations. 

Gotoh (10) shows there are many factors that influence germina- 
tion in artificial media. Quality of the glass, hydrogen-ion concen- 
tration of the medium, and dryness of the pollen are all important 
factors. Bursting is influenced more by the pH of the medium than 
by osmotic pressure. He found that different varieties of maize 
vary greatly in the percentage of pollen grains that will germinate. 
He found also that pollen with from 10 to 50 percent of shrunken 
grains germinated better than turgid pollen and that the highest 
percentage of germination occurred near the point of greatest bursting. 


METHODS 


As this investigation progressed, several methods of treating pollen 
during storage were tried. These included exposure to direct. sun- 
light for various time intervals and to artificial light of several in- 
tensities, storage in high and in low temperatures, storage in atmos- 
pheres of oxygen and of carbon dioxide and storage for 17 and for 24 
hours in the dark. 

Rather early it became apparent that the question of uniform 
sampling might be important. Accordingly an attempt was made to 
determine whether random sampling could be achieved in composite 
samples and further to analyze the factors that might affect sub- 
sampling. By means of an air blast in vertical long glass tubes, an 
attempt was made to discover whether the two sorts of pollen grains 
differed in weight; fine wire bolting sieves were used in an effort to 
determine differences in size, and specific gravity separations were 
made with solutions of aleohol and chloroform. In these e xperiments 
the sorted pollen grains were classified microscopically and duplicate 
samples were used in pollinations as a check on differential fune- 
tioning. 

In the earlier experiments all pollinations were made on an indi- 
vidual plant basis. Pollen was collected separately from heterozygous 
plants, and the identity of each sample was retained for all treatments. 
This procedure involved a control pollination for each plant furnishing 
pollen, a practice that doubled the work not only in making and record- 
ing pollinations but also in the subsequent classification of seeds. 
There was a further disadvantage of this system in that many of the 
pollen treatments proved lethal and their control ears from fresh 
pollen were consequently useless. 

To obviate these disadvantages bulk samples of pollen were col- 
lected from as many as 50 heterozygous plants. The samples were 
sieved to remove anthers, then thoroughly mixed by pouring back 
and forth, and subsequently divided into as many subsamples as the 
quantity permitted. Care had to be exercised in mixing, as the 
grains tended to clump and even to become pasty if too large quan- 
tities were collected and the mass became too dense. 

This method of handling pollen simplified field practice, but with 
the exception of a single small group all the ears resulting from the 
use of bulk pollen samples showed significant reductions in the pro- 
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portion of waxy to nonwaxy seeds irrespective of pollen treatment 
It seemed reasonable to ascribe this unexpected result to some condi 
tion arising in the method of sampling, and until this possibility could 
be investigated the method of bulk sampling was abandoned. Subse- 
quent attempts to obtain low percentages of waxy seed from bulk 
pollen samples have been unsuccessful, and the earlier results remain 
without satisfactory explanation. 

Not only did the screening of numerous individual samples con- 
sume much time, but in many cases the accumulation of large num- 
bers of damp anthers reduced materially the quantity of usable pollen, 
besides introducing a possible source of variability by affecting the 
moisture content of the pollen grains. 

In the work of the last few years the tassels of pollen parents were 
enclosed in two bags, one within the other. The inner bag, slightly 
smaller than the outer one, was perforated with numerous fine holes 
too small to permit the passage of anthers. ‘By this means the pollen 
sifted into the outer bag almost as soon as shed and no sieving was 
required. This pollen was taken from the field in tassel bags, trans- 
ferred to small pill boxes, and given treatments while in these boxes. 
For pollinating the covered boxes were taken to the field, and in most 
cases two ears were pollinated from each box. 

All female parents had their tassels removed and the silks were cut 
back 24 hours before pollination to provide uniform brushes of silks. 
Many days before silking, the ears were covered with open-ended bags 
closed at the outer end with flexible metal strips and closely fastened 
to the plant with copper wire. The technique employed on the female 
plants has not varied over the period of this investigation, and from 
the hundreds of seedless cobs obtained from many of the pollen treat- 
ments it was apparent that the error due to contamination was 
gratifyingly low. 

Several stocks of waxy were used, but all of these have been in cul- 
tures of the Bureau of Plant Industry for many years and their 
behavior under ordinary conditions is well known. In the last 3 years 
this investigation has been limited to one stock, chiefly because that 
stock possessed large seeds capable of rapid classification. In the 
earlier work multiple-eared stocks with numerous small seeds were 
used, but since analysis showed no influence of the female parent and 
since the chances of errors in bookkeeping, to say nothing of the fail- 
ures of lower ears to produce seed, were greater in these strains, they 
were discarded. 

The experimental work was carried on at the Arlington Experiment 
Farm, Rosslyn, Va., and at Lanham, Md. This fact is mentioned, as 
the results from the two places were not always alike even in the same 
year. No question of seed stocks nor of personal equation is involved, 
however, as the seed and the personnel were the same in both localities. 
The geographical separation of the experimental work adds one more 
complication to the presentation of data already complex because of 
numerous time intervals, sampling techniques, and types of control. 


ANALYSIS OF SAMPLING 
The results of the effect of storage on Mendelian ratios in function- 


ing pollen depend for their accuracy on the possibility of subdividing 
large samples of pollen into smaller subsamples. 
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Where pollen is collected in bulk from 25 or more heterozygous 
plants and is subsequently subdivided into subsamples for various 
treatments it is essential that the subsamples be alike at the start of 
the treatments. 

Similarly, where pollen is collected separately from individual plants 
and this pollen i is subdivided into lots, one to be applied as a fresh con- 
trol and the others to be subjected to different treatments, the several 
lots must be random samples of the original collection. 

After treatment there is no method for determining whether or not 
the control and treated subsamples were alike at the time of subdivi- 
sion. It can be determined that an array of ears obtained from a given 
lot of pollen used fresh is a random one, and it may be assumed that the 
corresponding lots in the treated series were random also; but this does 
not provide a measure of a possible selection. It is quite possible in 
pouring subsamples to obtain two sets, both distributed at random 
about their respective means; yet the two means may differ unless 
care has been exercised to draw the samples for each set at random. 

To provide a measure of the randomness of subsampling, each 
sample of pollen has been used to pollinate two ears. As is to be 
expected, especially where adverse treatments were given the pollen, 
there were many cases where only one ear of the pair produced seed. 
However, enough cases of paired pollinations were obtained to permit 
a measure of the randomness of subsampling. To these may be 
added certain ears where the butts and tips were classified separately. 

In one experiment a bulk sample of pollen was collected from about 
25 plants, thoroughly mixed, and subdivided into 10 lots of approxi- 
mately equal size, which were subjected to a secular selection by the 
following method: The 10 subsamples were poured from a bag con- 
taining the bulk sample; the first subsample was numbered 1, and 
the last lot of pollen to leave the bag was numbered 10. These lots 
were used to pollinate 20 ears, each lot being used on 2 ears. The 
subsamples were applied consecutively, lot 1 being applied to ears a 
and 6, lot 2 to ears ¢ and d, etc. By this means it was hoped to 
obtain some knowledge as to whether or not the method of pouring 
subsamples involved an unconscious sorting of the pollen grains. 

Only 17 of the 20 pollinations were effective. The correlation 
between the number of a subsample and the percentage of waxy 
seeds obtained is p=—0.123+0.169, clearly indicating that the 
method of sampling did not introduce any regular selection of the 
pollen grains. 

When the variance of the population of paired ears resulting from 
the use of fresh pollen is subdivided into its several elements it is 
found that there is no difference between subsamples in the propor- 
tion of waxy to horny pollen grains that function in the production 
of seed. There is a correlation of 0.5 between the pollen grains within 
subsamples, but the number of samples is too small to attach any 
significance to the coefficient. The apportioned variance for this 
population i is given in column 2 of table 1. 

As a comparison with the above population, the variance is appor- 
tioned for two similar populations of paired ears resulting from the 
use of fresh pollen, where the pollen, instead of being collected in 
bulk from many plants, was collected separately from each plant and 

“ach collection was used on a single pair of ears. The mean squares 
for these two populations are shown in columns 9 and 10 of table 1 
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It will be observed that the mean square of the means of subgroups is 
but two-thirds of that found when the bulk sample of pollen was 
used. 

lt was not to be expected that the mean square of the means of 
subgroups from pollinations with individual plant samples would be 
lower than the mean square of the means of subgroups from pollina- 
tions with subsamples of composite collections. Composite samples 
never should have mean squares larger than those of the individual 
samples, and the expectation would be for lower mean squares. Since 
the difference between the mean square for the composite sample 
(12,043.74) and that for the combined populations in columns 9 and 
10 of table 1 (8,012.68) is not significant, the result may be attributed 
to chance. 

Although in both populations from individual plant samples the 
mean square of the means of subgroups exceeds that of the pair 
members from their mean, the differences are not significant, and it 
may be concluded that for these populations there is no reason to 
believe that the ratios of the two kinds of pollen grains were more 
nearly the same within subsamples than between subsamples. 

Three other populations resulting from the use of fresh pollen are 
available for analysis. In these three populations the subsamples 
consist of the butts and tips of the ears. Two of the populations are 
from the use of composite collections of pollen, the third being from 
individual plant pollinations. No manual division into subsamples is 
involved in these three populations, and in the population from indi- 
vidual plant pollinations the mean square of the means of subgroups 
measures the differences between male parents. 

The mean squares are given in columns 6, 7, and 11 of table 1. 
In all three populations the mean square of the means of subgroups 
exceeds that of the members of the pair from their mean, and in two 
of the populations the differences are clearly significant. In the 
third (column 6) the difference just borders on significance. Were 
the comparison limited to the population given in column 11 it would 
be a fair inference that male parents differed one from the other, but 
with the composite samples no such interpretation is possible. 

For purposes of comparison a single population has been included 
(column 13) where the variability is limited to the ovules, the pollen 
having been all of one kind—waxy. In this population the mean 
square of the means of subgroups (composed of butts and tips) is 
actually less, though not significantly so, than that of the butts and 
tips from their mean. This is the only case of the 12 presented in 
table 1 where the means of subgroups are less variable than their 
components. It is clear that the difficulties in sampling and the 
observed correlations between butts and tips and between paired 
ears from the same pollen subsample are confined to the pollen. 
Since the composite samples are less satisfactory in this respect than 
the individual plant samples, it is evident that the results flow from 
physiological rather than genetic differences in pollen. This conclu- 
sion receives further support when the populations of ears resulting 
from the use of stored pollen are examined. 

There is one population resulting from the use of stored pollen 
collected from individual plants. The mean squares for this popula- 
tion are given in column 12 of table 1 and may be compared directly 
with those in column 11, which are for a population from the same 
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pollen parents where the pollen was applied immediately following 
collection. The enormous increase in the mean square between ears 
will be noted in this population of ears from stored pollen. This may 
mean either that the stored samples of pollen have not been accorded 
uniform exposure to sunlight or that the samples reacted differently to 
exposure. Probably the high intraclass correlation (9p =0.701 + 0.046) 
is the result of both factors. It should be noted, however, that the 
mean square of the pair members from their mean is also excessive 
in this group of ears. Thus the tips and butts of the same ears tend 
to differ from each other, indicating a differential functioning of the 
two sorts of pollen tubes in long and short styles. 

A similar situation is encountered in a population of ears resulting 
from the use of pollen stored in the sun where a composite collection 
of pollen was subsampled. The mean squares for this population 
are given in column 8 of table 1 

In columns 3, 4, and 5 of table 1, the mean squares are given for 
a single composite sample of pollen, which was subdivided into small 
samples that were used in each case to pollinate a pair of ears. All 
three lots of subsamples were drawn at random from a single bulk 
collection, treated for 245 hours, and applied 3% hours after collec- 
tion. In all three cases ‘the waxy percentages are low although the 
lots stored at 37° and 10° C., respectively, do not differ significantly, 
the x? of the difference of these two populations being 3.31 (P=0.069), 
The samples stored in oxygen have a significantly higher percentage 
of waxy seeds than either of the two temperature series. The oxygen 
treatment differs from the 37° treatment, witha x? of 52 (P<1075), 
and from the 10° group, with a x? of 97 (P<10-*). The oxygen 
series shows rather conclusively that the subsampling was random, 
whereas the 10° treatment shows evidence of an intraclass correlation. 

If the 37° and the 10° C. populations are combined, on the assump- 
tion that the storage treatments resulted in no differential behavior, 
and the variance of this combined population is apportioned, it is 
found that the mean square of the means of pairs is 10,477.58 and 
that of the pair members from their means is 3,420.78. The ratio of 
the two is 3.062, with P lying between 0.01 and 0.05. There is, there- 
fore, just a possibility that the pairs of pollinations in this temperature 
series are not random subsamples of the original composite sample. 

Further analysis of variance is possible in the case of a single 
population where ears were pollinated in pairs and the butts and tips 
of each ear were classified separately. The pollen in this case was a 
composite sample split into small subsamples and these were stored 
in sunlight for 5 hours. Each subsample was applied to two ears. 
The mean squares for duplicate samples used fresh are given in 
column 7 of table 1. Not all the paired pollinations were successful, 
and the mean squares for all the ears irrespective of pairs are given 
in column 8. 

Limiting the population to the ears where paired pollinations were 
successful and apportioning the variance into its component ele- 
ments, it becomes possible to compare the variance of subgroups 
based on butt and tip sampling with the variance of subgroups 
composed of paired ears. 
The data are as follows: 
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Apportionment of variation: Mean square 
Total seeds__-_- . 2, 467. 89 
Seeds on butts and tips_ 2, 458. 60 
Seeds on ear 2, 457. 08 
Butts and tips : 5, 172. 66 
Ears_.- 8, 802. 46 
Butts and tips from their mean 1, 845. 34 
Means of subgroups of butts and tips 8, 802. 46 
Ears from their pair mean : 5, 900. 78 
Means of subgroups of paired ears_ 12, 284. 48 

Analysis of variation: Number 
Primary groups of butts and tips__-_- 24 
Subgroups of butts and tips 12 
Primary groups of whole ears 12 
Subgroups of paired ears 6 
Total seeds_- 6, 456 

\fean percent 
Waxy seeds 5 44. 3 


Comparing the mean squares of this restricted population with 
those obtained for all the ears as given in column 8 of table 1, it is 
seen that the agreement is fairly close in all categories other than the 
mean squares of the means of subgroups composed of butts and tips. 
In the unrestricted population this is 13,443.96, and in the limited 
population it is only 8,802.46. The difference is not significant, but 
apparently in limiting the population to paired ears some of the 
variability was eliminated. In the restricted population it is seen 
that the intraclass correlation between butts and tips is significant, 
z equaling 0.78 and P being less than 0.01. No such correlation can 
be demonstrated for the paired ears, even though the mean square 
of the means of subgroups exceeds that found for the means of sub- 
groups composed of butts and tips. The mean square of the indi- 
vidual ears from their pair mean 1s also larger than the mean square 
of butts and tips from their mean, and z equals 0.367, P being greater 
than 0.05. The difference between the two intraclass correlations, 
as measured by 2, is 0.415+0.398. 

From the analysis of the variance of the percentage of waxy seeds 
in butts and tips of these ears, it is clear that the variation between 
butts and tips is much lower than that between individual ears 
despite the fact that the pollen was a composite sample. No such 
condition can be demonstrated between paired pollinations, although 
there is evidently a tendency in this same direction since the mean 
square of the means of pairs is twice that of the members of the pair 
from theirmean. Just why the butt and tip of an ear should be more 
nearly alike than a pair of ears pollinated with the same pollen is not 
clear. It might be urged that this evidence indicates an influence of 
the female parent, which, of course, in these cases, was homozygous 
for waxy and could not contribute directly to variation in waxy 
percentage unless the hypothesis of selective fertilization is invoked. 
Other evidence of the influence of the female parent is discussed later. 

Not only is the variance of the means of paired ears relatively 
high, but the variance of the butts and tips from the mean of the ear 
is too low, clearly indicating an ear individuality. 

From a consideration of these mean squares for the several sorts 
of groupings it is apparent that there is a real problem of subsampling 


“Oe 








92 


Journal of Agricultural Research Vol. 52, no. 2 


involved in these experiments, and it is indicated further that the 
most effective method of subsampling is to collect pollen separately 
from each male parent. In following this practice each sample must 
be used once to provide a fresh control, a condition that adds to the 
field work and subsequent classification. However, experience with 
composite samples representing the output of many plants has proved 
so unsatisfactory and of such doubtful reliability that for the last few 
years all pollinations in these investigations have been made on an 
individual plant basis. 

This method does not wholly eliminate sampling difficulties, as the 
individual plant collection must be subdivided for various treatments; 
however, it is the best method possible under the conditions. A 
certain portion of the discordant results encountered throughout these 
investigations and the large errors so frequently involved in the 

populations of ears may properly be ascribed to difficulties in sampling 
masses of pollen. 


COMPARISONS BETWEEN WAXY AND HORNY POLLEN GRAINS 
SIZE 


Two methods have been used to determine whether waxy pollen 
grains differ in size from horny pollen grains. In one method the 
stained grains were measured under the microscope by means of an 
eyepiece micrometer, but since there is the possibility that the two 
forms of starch may expand unequally in the staining medium, thus 
giving spurious results, an effort was made to separate the two sorts 
of grains by means of sieves. 

A nest of sieves was made up of fine wire bolting screens having, 
respectively, 140, 170, 200, 220, and 270 wires to the inch. Although 
the best available screen cloths were procured and the most uniform 
areas of the material were selected for the sieves the apertures were 
quite variable. The mean sizes of the apertures of the sieves as 
given by the manufacturer were 0.105, 0.088, 0.074, 0.062, and 0.053 
mm, respectively, but in experiments of this nature the aperture of 
maximum size in each sieve is important. The sieves are referred to 
throughout the text by the number of wires to the inch, which is 
the manufacturer’s designation. 

Some difficulty was found in the mechanics of sieving, since many 
pollen samples tended to clump if agitated for a few minutes. <A few 
samples were obtained where the pollen sifted through the sieves 
almost like dry sand. As pollen grains differ greatly in size from 
plant to plant, possibly because of differences in moisture content, 
the samples used in the sieve tests were confined in each case to single 
male parents. 

After separation, the pollen grains left upon each sieve were used 
to pollinate plants homozygous for the waxy gene, and in some cases 
samples were classified microscopically. These two methods of 
determining possible differences in size do not necessarily lead to the 
same result, for it is quite possible that differences in ability to effect 
fertilization might exist in the different size groups. 

Table 2 shows the most complete series of ears, representing six 
sieve sizes, obtained from a single sample of heterozygous pollen. 
There is some mdication that the intermediate pollen sizes (as de- 
termined bv the size of the sieves) have the highest proportion of 
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functioning waxy pollen grains. However, the duplicate pollinations 
from the same sieve sizes gave rather widely different results, and 
the errors are such that no definite conclusion can be reached as to 
the certainty of this observation. It does seem clear that there is a 
significant deficiency of functioning waxy pollen grains in the smallest 
size group. Whether this deficiency indicates that the waxy grains 
were retained on the sieves of larger aperture or that the small waxy 
grains did not effect fertilization so well as the small horny grains 
cannot be determined from these data. 


TABLE 2.—Wazy and horny seeds obtained when pollen (single sample from plant 
2632) lodging on the various sieves was used on ears homozygous for the wary gene 


Seeds obtained 


Pollen 
Female plant no.! from 
screen no.|_ ,,, . 
*! Total | Horny Waxy 
Number | Number | Number Percent 
305 : ‘ 140 | 428 217 211 49. 341.6 
306__- ? . 140 114 61 53 46. 543.2 
TS — . 4 Fe 170 427 186 241 56. 4+1.6 
a . ; “ 170 334 164 170 50. 9+1.8 
297. . ‘ 200 622 265 357 57.4+1.3 
295 —_ 220 162 83 79 48. 8+2.7 
294... . 270 440 222 218 49.5+1.6 
tear < (2) 59 37 | 22 37. 343. 5 
Total ‘ 2, 586 1, 235 1, 351 52. 24+. 66 


305-306 and 303-304 duplicate pollination:; x? between the combined 305 and 306 and the combined 303 
and 304=3.56 (P=0.057); x? between plant 293 and the combined 303 and 304=6.135 (P=0.013). 
? Pollen that passed through all sieves. 


TABLE 3.—Analysis of pollen ratios and sizes in samples of sieved pollen from 
individual plants 


Difference Red 
Seeds from between > Soastiie iorose, -ally 
pollinetions | seeds end Pollen classified microscopically pollen—blue 
pollen | pollen 


Source of pollen 
and treatment 
Blue-staining | Red-staining | 


; Differ- 
Waxy'|S.E | Waxy S. E. |Waxy|S. E. g . ence in | 8S. E. 
| Size | S.E.| Size |S.E.| "7 
Plant 7133: Pet. Pet Pet. | Pet. | Pet. | Pet. | Mm Mm | Mm Mm Mm Mm 
Unsieved. < 50. 3 3.1 " 5 ae . 0. 08512/0. 00060) 0. 08496/0. 00049) —0. 00016/0. 00078 


Caught on 





Sieve 140 2.2 . 08264) .00049) .08312) . 00057 . 00048; . 00074 
Sieve 200 2.2 — . 08384 . 00045} . 08344) .00045) —. 00040) . 00064 
Sieve 270_-- ct. eS we Se . 08280} . 00049} . 08400) .00053| .00120) . 00072 
Bottom.....) REE SEER SORE sé - 08200) .00053) .08224) .00057| . 00024) . 00078 
Plant 7505 | | | | 
Unsieved - 51.4 2.1 0.0) 3. 04) 51.4 2. 2) .09840) .00072) .09392| . 00064; —. 00448) . 00096 
Caught on | | | 
Sieve 140__.- 44.4) 11.7 5. 2. 2) . 09248) .00052) . 09296) . 00050 . 00048) . 00072 
Sieve 170_- 44.0 1.3 a 2. 2) .09200) . 00041) .09216) . 00048 . 00016) . 00064 
Sieve 200_. 43.8 2.5 5. 2.2 | 





| .08968) . 00044) .08944) .00050) —. 00024) . 00066 
Plant 3425: | | 
Caught on— | | | | 
Sieve 170_--- 56.0 5 ae = ae - 10144) .00161) . 10176) . 00096 . 00032; . 00194 
Sieve 200_. 41.5 t =e Sen 9 .| 08968) .00098) .08872) .00060) —. 00096) . 00112 
Plant 7256: 
Caught on— | 
Sieve 140 . [a a eee .----| . 07872) .00060| .07992| . 00092 . 00120) . 00110 
Sieve 170 a b * oe _|......| .07856| .00066| .07772| .00056) —. 00084 


1 Percentage of waxy seeds obtained when the pollen lodging on the sieve indicated was used on ears 
homozygous for the waxy gene. 
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No other pollen sample provided so many sizes; the majority of 
the samples lodged on only two or three sieves. 

Waxy-horny ratios, together with micrometer measurements of the 
pollen grains, were determined for three samples of sieved pollen that 
was Classified microscopically. The most complete series is that for 
the pollen sample from plant 7133, the data for which are given in 
table 3. 

In this sample there is no evidence that the waxy pollen grains 
differ in size from the horny grains or that the sieves were at all 
effective in sorting the two kinds of grains. 

As a check on the effect of the staining fluid on the size of grains, 
50 grains were measured dry from the sample left on sieve 200. 
These grains, of course, could not be classified into waxy and horny, 
so the comparison must be made with the mean size of the stained 
grains from the same sieve. The mean size of the dry grains was 
found to be 0.08912+0.00056 mm, whereas the mean size of the 
stained grains from this same sieve was 0.08364 +0.00044 mm. The 
difference (0.00548 + 0.00071) is clearly significant but is in the direc- 
tion of a shrinkage of the stained grains. 

In the second of these samples the pollen from each sieve was sub- 
divided, one lot being classified and measured under the microscope, 
the other being used to pollinate homozygous waxy ears. The data 
are shown in table 3. 

The classifications made under the microscope show that all samples 
closely approximate 50 percent waxy, the widest departure being 
found on sieve 170 where the percentage (48.3) departs from 50 with 
x’ only 0.5 (P=0.479). In the unsieved pollen the blue-staining 
grains were 4.8 percent larger than the red-staining grains—a differ- 
ence that is 4.75 times its standard error, giving P=0.000002. How- 
ever, there is some evidence that the unsieved pollen was not a ran- 
dom sample of the sieved pollen, for the mean size of the unsieved 
grains was 0.09616+0.00053 mm, whereas the mean size of the 
pollen grains stopped by the sieve with the largest apertures (140) was 
0.09272+0.00035 mm. The difference (0.00344+ 0.00063) is more 
than 5 times its standard error. No explanation can be offered for 
this discrepancy in size. 

When the ears resulting from the use of these several samples of 
pollen are examined an entirely different situation is encountered. 
The percentage of waxy seeds obtained from unsieved pollen is 
exactly the same as the percentage of waxy pollen found in counting 
the pollen grains under the microscope. The exactness of this agree- 
ment is, of course, merely a coincidence. Only 18 seeds were obtained 
from the pollen used from sieve 140, and the percentage is included 
in the table simply for completeness. The percentages of waxy in 
the other two samples are both significantly lower than that found 
in the unsieved pollen, indicating that, even though the actual pro- 
portion of waxy to horny pollen grains remains the same in all size 
groups, in the small sizes waxy grains are less effective than horny 
grains in accomplishing fertilization. 

There are no significant differences between the percentages of 
waxy as determined by using the pollen to produce seeds and as 
determined by microscopic examination. 

The third sieved sample (table 3) provided only two sizes, the 
pollen all lodging on sieves 170 and 200. The difference in the per- 
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centage of waxy pollen grains (14.5+1.84) is clearly significant, the 
pollen passing to sieve “200 having the lower percentage of waxy 
grains. However, within the siev ed samples there was no significant 
difference in size between the two sorts of grains. 

One other sample of pollen was sieved and the sizes of grains were 
measured (table 3), but through inadvertence no record was made of 
the proportion of waxy to horny pollen grains. 

This sample serves to emphasize the fact that within a sieve class 
the two sorts of pollen grains are of the same size. With this sample, 
to provide a check on possible distortion of size by the staining 
medium, dry pollen was measured. That from sieve 140 had a 
mean size of 0.07364+0.0078 mm and that from sieve 170 had a 
mean size of 0.07612+0.0006 mm. The mean size of the dry grains 
on sieve 170 exceeded that of the dry grains on sieve 140 by an amount 
that was 2.3 times its standard error. This relationship is reversed 
in the stained grains, the mean size of the red grains from sieve 140 
exceeding that from sieve 170 by an amount that was 3.0 times its 
standard error. Such results indicate that despite the manufac- 
turer’s rating there is no effective difference in the sizes of the aper- 
tures in sieves 140 and 170. 

In another sample, not shown in table 3, the pollen all lodged on 
sieves 170 and 200. That on the sieve of larger aperture proved to 
have by count under the microscope 53.5+1.57 percent waxy grains 
and that on the sieve of smaller aperture 46.0+0.95 percent waxy 
grains. The difference (7.5+1.83) 1s over four times as large as its 
standard error. 

In summarizing the evidence for the pollen classified under the 
microscope, it would appear that some plants produce pollen of which 
the horny grains are somewhat more likely to pass a sieve of a given 
size than are the waxy grains. It has been demonstrated that there 
is not always a corresponding difference between the sizes of the 
two sorts of grains. Measurements of pollen grains in unsieved 
samples indicate that it is questionable whether the sieves functioned 
as selectors of size. The observed results could be explained by 
slight differences in stickiness between waxy and horny grains. 

From the samples used in pollinations there is strong reason to 
conclude that in pollen grains of the smaller sizes the waxy pollen is 
at a disadvantage in effecting fertilization. 

Before leaving this subject : it should be noted that the pollen grains 
from the several samples differ significantly in size. They range 
from 0.07 to 0.10 mm, with errors in the third decimal place. 


WEIGHT 


For the purpose of disclosing differences in weight between waxy 
and horny pollen grains, samples of pollen from heterozygous plants 
were separated by means of an air blast. 

The apparatus consisted of a vertical glass tube about one-half 
inch in diameter and 30 inches pee which was bent at the upper end 
to deflect the floating grains into a suitable container. The lower 
end was closed with a fine-meshed bolting cloth and inserted into the 
neck of a large flask. Air under pressure was admitted to the flask 
by means of a side connection. The flask served to smooth convec- 
tion currents and provided a more even air pressure on the bolting 
cloth. 
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The pollen to be tested was placed on the bolting cloth and with 
the increase in air pressure rose through the tube and spilled into the 
container. No attempt was made to record air pressure, which was 
pct a by a needle valve and increased as required to drive over 
the last grains. 

The pollen grains that floated through the tube with the lowest 
pressure were kept separate from those that rose through the tube 
only with the highest pressure. Samples of the first and last lots 
were stained with iodine and counted. The bulk of the pollen was 
applied to silks of plants homozygous for waxy for an eventual seed 
count. 

The two sorts of grains in both the light and heavy samples were 
essentially equal in number and the x’ of the difference between the 
light and the heavy weight was 0.80 (P=o. 37) 

“Only four samples of pollen produced ears from both the heavy 
and the light weight. In the most successful of these, three ears were 
produced ‘from each of the weight groups. Combining the three ears 
from each group, the x? of the “difference between the ratios of horny 
to waxy seeds is ioona to be 3.89 (P=0.048) indicating that the air 
blast did not separate the two sorts of pollen grains. 

As a further analysis of these data, 10 ears resulting from heavy 
pollen were combined, and the mean percentage of waxy seeds was 
compared with that obtained when 10 ears resulting from light pollen 
were combined. The heavy pollen gave 48.11+0.85 percent waxy 
and the light pollen gave 47.92+0.57 percent waxy. The difference 
between the two groups (0.19+1.02) is not significant. From these 
data it may be concluded that any difference in the percentage of 
waxy seeds due to the use of pollen of different weights could not 
have been greater than 3 percent. 


SPECIFIC GRAVITY 


As a means of determining whether waxy pollen grains differed from 
horny pollen grains in specific gravity, pollen from a heterozygous 
plant was placed in a tube filled with a solution of chloroform and 
alcohol in the proportion of 38:6. This solution could be so accu- 
rately balanced that the temperature would determine whether the 
grains would sink or float; a drop of 1° or 2° C. would sink all pollen 
grains, whereas an increase of a few degrees would bring the grains to 
the surface. By adjusting the proportions of chloroform and alcohol 
and holding the tubes under constant temperature, a fairly good sep- 
aration of pollen grains could be obtained. Pollen grains from the 
top and bottom of the tube were pipetted off, stained with iodine, and 
classified under the microscope. Several individual plant samples 
were tried. In one the floating grains gave 69 horny to 68 waxy and 
the sunken grains gave 161 horny to 148 waxy. The x? of the differ- 
ence between the sunken and the floating grains is 0.114 (P=0.74), 
indicating a chance difference between the two sets. With another 
sample the floating grains were classified as 1,135 waxy to 929 horny, 
and the sunken grains gave 536 waxy to 494 horny. 

Fifty-five percent of the floating grains and 52 percent of the sunken 
grains were waxy. The difference of 3 percent has a probability of 
0.066. From these tests it may be concluded that the two sorts of 
pollen grains do not differ in specific gravity. 
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ELECTRICAL TEST 


An attempt was made to separate the two sorts of pollen grains 
electrically, but this proved unsuccessful. Two strips of zinc were 
suspended about one-quarter of an inch apart in a tube containing 
chloroform and alcohol in which heterozygous pollen was suspended. 
These zine poles were connected with a 6-volt storage battery, but 
no lateral movement of the suspended pollen grains could be detected. 


EFFECT OF VARIOUS FACTORS ON RATIO OF WAXY TO HORNY 
SEEDS 


TIME OF ANTHESIS 


It has been suggested that the effects observed in stored pollen 
might be explained by a differential maturity of the two types of 
grains; that a simple differential death rate would account for percent- 
ages of waxy seed greater than 50 in stored pollen but would not ex- 
plain percentages less than 50 when fresh pollen is used. 

If waxy pollen grains are in fact immature at anthesis, then the very 
first pollen shed in the morning should result in ears with the lowest 
percentage of waxy seeds, and this percentage should increase with 
time. To test this point an effort was made to collect pollen early in 
the morning, but on most August days in the vicinity of Washington 
heavy dews delay pollen shedding until 8 a. m. Even when a few 
favorably situated plants shed some pollen before this hour, the mois- 
ture that accumulated on the spikelets interfered with collection. 
However, one series beginning at 6:45 a. m. was successful. From 
this series there is no evidence that the waxy pollen grains are less 
mature when shed early in the morning than when shed later. The 
data are shown in table 4. 


TaBLE 4.—Effect of hour of collection of pollen on percentage of waxy seeds 


Hour of collection Ears , otal | Waxy seeds 
seeds 
A.m. Number | Number Percent 

6:45 6 1,317 46.641. 1 
7:15 5 1, 554 50.34 .5 
» = : 7 2, 290 46.74 .9 
8:30 see 15 6, 298 45.54 .8 

Mean 33 11,459 46.54 .5 


TABLE 5.—Effect of hour of collection of pollen from each of 4 plants on percentage 
of waxy seeds resulting from fresh applications, July 30, 1932 
toes l 
Waxy seeds from pollen collected at 
indicated hour 
Source of pollen 
(plant no.) 


| Difference 
8 a. m. 11:30 a. m. (11:30—-8 
a. m.) 
Percent Percent | Percent 
1 47.340. 95 5l.1+1.12 | 3.8+1.5 
Rie 45.741. 03 44.741.13 | —1.041.5 
= 47.9% .97 42.9+1. 02 —-5.0+1.4 
4 43.84 .90 45. 841.09 2.0+1.4 
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With the exception of the collection made at 7:15 a. m., the ratios 
of waxy to horny seeds are significantly less than equality but do not 
differ from one another. In one other case pollen was collected from 
four plants at 8 a. m. and was applied immediately. <A second collec- 
tion of pollen was made from these same plants 3}4 hours later. The 
results are shown in table 5. Of the four differences, one is three and 
one-half times its error; but since it is one difference in a series of four, 
the odds against its being due to chance are about 16 to 1. 

The time of day at which the pollen is shed, therefore, seems to 
bear no relation to the deficiency of waxy seeds resulting from the 
use of fresh pollen. This deficiency may be due to immaturity, but 
if so the waxy grains are equally immature irrespective of the time 
of anthesis. The results accord better with the observations of 
Sprague (2/), i. e., that waxy pollen grains germinate more slowly 
than horny grains. 


CONDITIONS OF POLLEN STORAGE 
STORAGE IN SUNLIGHT 


Although in 1925, 1926, 1927, and 1929 pollen exposed for as long 
as 7 hours to sunlight was capable of functioning in fertilization, 
similar exposures in 1928 were uniformly lethal, and much shorter 
periods tried in 1930 and 1931 (some as short as 10 minutes) were 
practically lethal, only a few seeds being obtained. In 1932 a few 
exposures for as long as 5 hours were successful. Exposures for 
shorter periods (15 to 45 minutes) showed no lethal effects. It 
became possible in 1932 to measure the degree of illumination by 
means of photronic cells, and it was found that the brightest cloudless 
summer days in the vicinity of Washington, D. C., registered 12,500 
foot-candles in direct sunlight and that the maximum observed in 
Arizona was 13,000 foot-candles. Under a single layer of glassine 
paper the radiation was reduced about one-third. 

On most days in late July and early August, when these experi- 
ments were conducted, the sky is far from cloudless and the illumina- 
tion varies rapidly from 2,000 to 12,000 foot-candles. Since the 
experiments were made over a period of from 10 days to 2 weeks in 
any one year, it is not believed that the lethal effects obtained in the 
years 1928, 1930, and 1931 were caused by excessive radiation. 

While no measurements of radiation were made previous to 1932, 
records were kept as to whether the day was clear, partly cloudy, or 
cloudy. So far as these records serve, they fail to support the idea 
that the death of pollen in 1928, 1930, and 1931 was due to unusually 
intense radiation. It is more reasonable to assume that in these 
vears pollen was more sensitive to radiation than in the other years. 
This hypothesis receives support from the fact that pollen from differ- 
ent plants does not react alike to storage treatments. 

With a knowledge of these limitations in mind, the results obtained 
from exposures of pollen to sunlight may be examined. 

In 1927 no pollinations were made with fresh pollen, and the com- 
parison for this year is limited to sun storage as contrasted with 
storage in the dark for the same period of time. The comparisons are 
all on an individual plant basis, each plant furnishing pollen for a sun 
and for a dark exposure. All the samples were in glassine bags, and 
the sun exposures were made on a flat table in direct sunlight. The 
time intervals ranged from 715 to 7% hours. 
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Only 13 pairs of pollinations from light-dark treatments were suc- 
cessful. In 12 of the 13 cases the pollen exposed to direct sunlight 
produced ears with a higher percentage of waxy seeds than the dupli- 
cate samples stored during the same period in the dark. The mean 
excess for the series was 20.13 +2.01 percent, despite the fact that the 
dark series averaged 50.4+0.7. The mean difference and its error 
is weighted by 1/#,’; the details of this statistical procedure have 
been published elsewhere (8). 

As part of the series of heat treatments given at Arlington, Va., in 
1928, a series of duplicates was exposed to sunlight. Most of these 
were for periods of 5's hours and all proved to be lethal. The only 
pollen that produced seeds after exposure to sunlight was a composite 
sample spread in a thin layer in a large uncovered Petri dish resting 
on a block of ice. Seven ears were obtained from this treatment, 
which lasted for 445 hours. The mean percentage of waxy seeds was 
47.30+0.73. No other treatments given on this day produced ears, 
so there is no other population with which to compare this percentage. 
Since, however, the average percentage of waxy seeds from fresh 
pollinations made at Arlington in this year with composite samples of 
pollen was 46.24+0.78, there is every reason to conclude that the 
sample stored on ice in direct sunlight for 4} hours was not affected by 
the exposure. 

In 1929, at Lanham, Md., the length of the period of exposure to 
sunlight ranged from 6 hours and 40 minutes to 8 hours and 45 
minutes, but the individual variability was so great that no conclusions 
can be drawn as to the relationship of time to the degree of alteration 
in the waxy-horny ratio. 

All pollinations were made on the individual plant basis, and the 
comparisons are between pollen that was used fresh and pollen that 
was stored. 

The pollinations were made on 2 days, August 5 and 8. August 5 
was a bright clear cold day, with radiation probably approximating 
12,000 foot-candles, whereas August 8 was cloudy. Only three pairs 
of pollinations were successful on August 5, all showing a pronounced 
effect of the exposure to sunlight. The mean difference in the per- 
centage of waxy seeds from stored pollen and that from fresh pollen 
was 16.44 3.3, the stored pollen producing the higher percentage 

The pollinations made on August 8 were more successful, doubtless 
because of the less rigorous conditions prevailing during exposure. 
The effect of the treatment was far less than that of 3 days earlier, 
though the difference in the percentage of waxy seeds obtained from 
stored pollen and that obtained from fresh pollen was 4.9 + 1.3 percent, 
in favor of the stored pollen. 

Although fresh pollen produced ears with percentages of waxy seeds 
ranging from 33.1 te 55.9, there was no tendency for these differences 
to be maintained when stored pollen was used. The correlation 
between the percentage of waxy seeds resulting from the use of fresh 
pollen and that obtained from stored pollen was only 0.16+0.13, 
indicating that the conditions of storage obliterated any differences 
between fresh samples. 

If the storage operated to bring the functioning waxy grains up to 
equality with the horny grains, a negative correlation should be found 
between the percentage of waxy seeds on the ears resulting from fresh 
pollen and the difference between this percentage and that obtained 
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from the use of stored pollen. This would follow since the fresh 
samples giving the lowest percentage should be (under the premise) the 
samples that produced the largest differences. The correlation is 
found to be —0.302, and although the coefficient has no statistical 
significance, P lying between 0.1 and 0.2, it does indicate that the 
deficient percentages obtained from fresh pollen tend to be corrected 
in the stored pollen. 

At Arlington, on August 8, a series of exposures to sunlight was 
made covering a period of 4 hours. The strains used were identical 
with those grown at Lanham. Only nine pairs of ears were obtained, 
and these showed no evidence of alteration in the proportion of waxy 
to horny pollen grains when exposed to sunlight. None of the 10 
differences is statistically significant. 

This result may be compared with the results obtained at Lanham 
on the same day, where 13 of the 26 differences were significant, 10 
being in the direction of a higher percentage of waxy seeds from treat- 
ed pollen. Since the exposure at Arlington was for 4 hours and the 
shortest exposure at Lanham was 6 hours and 50 minutes, the lack of 
agreement between the two places may be due to this difference in 
period of exposure. 

On the same day at Arlington a second group of pollinations was 
made, in which the fresh pollen was used on homozygous waxy plants 
and the stored pollen was used to self-fertilize the plants that func- 
tioned as male parents. This was done because there was a possi- 
bility that the pollen might behave differently when used on the stigma 
of the plant that produced it than when used on sister plants. The 
fresh pollen proved to have 47.12+0.57 percent waxy grains. The 
expected percentage of waxy seeds when this pollen is used on plants 
heterozygous for waxy is 23.6. The self-pollinated ears resulting 
from the use of stored pollen had 23.5 + 0.4 percent of the seeds waxy. 
This agreement with the percentage expected from the known propor- 
tion of waxy to horny pollen grains in the fresh pollen is added evi- 
dence that 4 hours’ exposure to sunlight failed to alter the relative 
effectiveness of waxy pollen grains. 

In nine instances stored pollen was used both in backcrosses and in 
self-pollinations, permitting direct comparisons of the two types of 
pollination. The mean difference between the self-pollinated and the 
backcrossed ears, after doubling the percentages in the groups of self- 
pollinated ears to make them comparable with those obtained from 
backerossing, is found to be —1.4+1.7, showing that the results of 
pollen storage are not affected by the nature of the pollination, i. e. 
whether selfed or backcrossed. 

There was no correlation between the percentage of waxy seeds 
on the backcrossed and on the selfed ears where stored pollen was 
applied (o=—0.221+0.224). With only nine comparisons, however, 
the correlation must be very close for statistical significance. 

At Arlington, Va., in 1929, an attempt was made to accumulate the 
data necessary to determine the change in proportion of functioning 
waxy pollen grains with increase in time of storage. 

A bulk sample of pollen was collected, subdivided into small con- 
tainers, some of these samples were used immediately for fresh controls 
and the remainder stored in the sun. Each hour a certain number 
of exposed samples were applied to ears of homozygous plants. It 
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was found necessary to make two collections of pollen, and unfor- 
tunately these two lots did not react alike to storage. 

The summarized data are shown in table 6. As will be seen, the 
pollen from the first lot showed a change in the percentage of waxy 
seeds after 2 hours’ exposure to sunlight and an increased alteration 
with 3 hours of storage, which was the final period for the first bulk 
sample of pollen. The second lot, although showing an increase in 
percentage of waxy with the passage of time up to 6 hours, fell far 
short of the change observed in 3 hours in the first lot. Since both 
lots of pollen had identical exposures for the first 3 hours, the dis- 
crepancy between them cannot be charged to different amounts of 
radiation. Both lots of pollen were alike in their behavior when 
used fresh, and since they consisted of bulk samples from sister plants 
there can be no question of plant sensitivity. Further, since the 
pollen was all subdivided into small lots, each subsample containing 
enough pollen for two ears, it hardly can be maintained that variation 
in the quantity of pollen was a factor. Although it is probably true 
that the samples contained unequal amounts of pollen, it is unlikely 
that all the subsamples of one collection contained more or less pollen 
than all those of the other collection. 


TABLE 6.—Percentage of waxy seeds obtained from fresh and from sun-treated 
pollen, Arlington, Va., August 6, 1929 


Treatment of Bers Total Waxy Treatment of Ears Total Waxy 
pollen — seeds seeds pollen . seeds seeds 





Fresh (first collec- | Number | Number | Percent Fresh (second col- | Number | Number | Percent 
tion) ....- 6 2,473 | 45.8+1.4 lection) .. pate ll 4,775 43.74 .9 


| Hours in sun: } 
, acs 


13 5,258 | 45.54 .7 = 14| 6,479 | 44.14 .8 
ae 10 | 3, 223 | 51.6+1.7 = nadie 10 5, 143 | 47.0+1.0 
 eatied ll 3,196 | 63.0+1.4 REIL: 12 4,142 | 52.741.4 


At Sacaton, Ariz., in 1929, two lots of ears were self-pollinated, one 
lot with pollen collected and applied between 7:30 and 8 a. m., the 
other with pollen collected during this period and exposed to direct 
sunlight through one thickness of glassine paper for 8 hours and 45 
minutes. Since the ears were self-pollinated, identical plants are 
not involved, but the number of plants was such that an average 
sample was assured. The ears obtained from the use of fresh pollen 
had a mean of 20.9+0.5 percent waxy seeds and those resulting from 
the use of stored pollen had 23.0+1.1 percent waxy. The difference 
between the two groups is not significant. There is a significant 
negative correlation between the number of seeds and the percentage 
of waxy in the group of ears obtained from the use of stored pollen, 
p equaling —0.584, and P being less than 0.01. In the fresh pollina- 
tions the correlation coefficient is of the same sign but is not signifi- 
cant (p= —0.291). 

There is no difference between the two populations in mean seed 
number, the stored group having a mean of 157 and the fresh group 
a mean of 150 seeds per ear. The fact that a higher percentage of 
waxy seeds is found when the number of seeds is small might be taken 
as an indication that the slower rate of germination of waxy pollen 
grains accounted for the observed correlation in the group of ears 
from stored pollen. However, this relationship would be expected 
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as well in the group of ears from fresh pollen, on the premise that 
scant quantities of pollen offer no opportunity for competition between 
the slow- and fast-germinating sorts of pollen grains. 

The fact that no such relationship between number of seeds and 
percentage of waxy is found in the fresh group as is revealed in the 
stored group indicates that the unfavorable conditions of storage in 
sunlight operate to destroy horny pollen grains more rapidly than 
waxy grains. 

At Lanham in 1932 a series of exposures was made in direct sun- 
light for a period of one-half hour. Half-hour exposures were made 
on three different days, the radiation as measured with the photronic 
cell ranging from 2,000 to 12,500 foot-candles. On none of the 3 
days was the treatment effective, and the mean change for the com- 
bined series was an increase from treated pollen of 1.08 + 0.41 percent 
Waxy. 

On one of the days, treatments of 15, 30, and 45 minutes were 
given. Several of these were successful in all categories. The 
data are presented in table 7. In only one instance (sample 3005, 
exposed for 45 minutes) was there evidence of a significant change 
in the proportion of functioning waxy pollen grains. This sample 
shows a difference of 16.0+2.2 percent between the effectiveness of 
the stored pollen and that of the fresh pollen, the stored pollen 
producing the higher percentage of waxy seeds. 

Longer exposures were tried in this year, but only three pairs were 
successful. These were given 5 hours at rather low candlepower 
(180 to 7,000 foot-candles), with temperatures ranging from 28° 
to 41° C. All three samples show very great differences in the 
percentage of waxy seeds between ears resulting from the use of 
stored pollen and those from the use of pollen exposed to sunlight. 
The mean difference in percentage of waxy seeds for these three ears 
is 42.9 + 3.3, the pollen stored in sunlight giving the highest percentage. 


TaBLe 7.—Percentage of waxy seeds obtained from fresh and from sun-treated pollen ' 


Seeds resulting from pollen used after indicated treatment 
Pollen sample no. Fresh In sun 15 minutes In sun 30 minutes In sun 45 minutes 
Total Waxy Total Waxy Total Waxy Total | Waxy 


. ‘ - 5 ae 
Number, Percent |Number, Percent |Number, Percent |Number| Percent 


2437 1,347 | 38.641.1] 1,223 | 40.240.9 999 | 45.2+1.1 676 47.9+1.3 
2486 .-| 2,318 | 44.64 .7] 1,378 | 4834.9] 892] 51.0411 555 48. 3-1. 4 
2816- --| 1,962] 45.34 .8 942} 41.5411) 942| 43.9411 598 47. 541.3 
2825. .-| 1,418 | 45.34.91] 1,303 | 46.94 .9 936 | 43.6+1.1| 1,278 47.2+ .9 
3005 ---| 2,206 | 45.64 .7] 1,245] 4254.9] 945) 48.841.1| 250] 61.6421 
3007 ] 2,169 | 48.94 .7| 1,285] 45.64.9/ 1,240) 44.3410 885 48.041. 1 
3105_._- ‘ 582 | 44.741.4] 1,100) 45.941.0 | 767 | 47.2+1.2 71 85.74 .9 


' The illumination varied from 4,400 to 6,400 foot-candles, and the temperature ranged from 37° to 50° C. 
STrorRaGE aT Various TEMPERATURES AND IN OXYGEN 


In order to differentiate further between temperature and light 
it would be desirable to have light exposures at low temperatures 
and heat exposures in the dark. The latter, of course, are easy to 
provide, but the former can be obtained only imperfectly. It is not 
possible to vary the illumination without a concomitant alteration 
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in the temperature, except by means of quartz cells and flowing 
water. Even with this device, which restricts the number of pollen 
samples handled and increases the time interval for equal energy 
intake, the quality of radiation is somewhat altered. Not only 1s 
it difficult to provide light exposures without heat but it is equally 
difficult to determine the temperature of pollen grains exposed to 
light. Just what proportion of the radiant energy is transformed 
into heat when absorbed by the opaque yellow pollen grains and 
how much of this heat is counteracted by evaporation it is now 
impossible to measure. Crude attempts have been made to estimate 
pollen temperatures by means of pollen-covered mercury thermom- 
eters, but the information derived from this method is admittedly 
inaccurate. 

The tests show that such thermometers exposed to sunlight may 
exceed air temperatures by as much as 25° C., the amount depending 
on the brightness of the day, air movement, and air temperature, to 
say nothing of the thickness of the pollen coating and its moisture 
content. 

If the observed increase in proportion of waxy to horny seeds follow- 
ing the use of pollen stored in direct sunlight is simply the result of 
high temperatures, then pollen stored at temperatures of 35° to 45° C. 
in the dark should produce similar changes in the percentage of waxy 
seeds. 

To test this point a vertical oven was constructed with a light bulb 
at the bottom as the source of heat. This oven, with four wire shelves 
and a damper control, proved to give very constant temperatures. 
The four stages provided temperatures of 31°, 32°, 35°, and 45° C., 
which could be held within a range of 1° with infrequent attention 
to the damper. 

Pollen collected from 50 heterozygous plants was sieved to remove 
anthers and thoroughly mixed. This sample was then divided into 
subsamples, which were placed in small glassine bags, each subsample 
having enough pollen to serve 2 years. The glassine bags were then 
numbered, and the pollen from one was used immediately to pollinate 
two ears of homozygous waxy plants. The silks of these ears had been 
cut back 24 hours previously to provide a uniform brush about 1 inch 
long. The bags of pollen to be treated were subjected to the four 
oven temperatures for 3}; hours, after which the pollen was applied 
to ears in the same progeny as the ears pollinated with the fresh 
pollen. Because of the distance from the field to the laboratory and 
the time consumed in making the pollinations, the period elapsing 
between the time the treated pollen was collected and the final 
application was 5's hours. Each of the subsamples was used on 2 
ears, except that in a few cases, where one of the ears had but few 
silks, three ears were pollinated from a single subsample. The 
results are summarized in table 8. 

It will be seen at once that the treatments, far from increasing the 
percentage of waxy seeds, actually reduced it. The control lot 
deviated slightly but not significantly below equality, but without 
exception all the heat treatments tried in this experiment resulted 
in significant reductions in the percentage of waxy seeds. 
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TABLE 8.—Percentage of waxy seeds obtained from pollen subjected to variou 
temperatures for 342 hours 





Treatment (° C.) | Ears — | Waxy seeds 

Se — — —— 4 
| Number | Number Percent 

Control !____. i ‘ 3 846 47. 8741.15 

eee on 6 2,310 | 39.444+1.05 
| ae d aint 8 1, 453 | 38. 1341.17 | 
35 ¥ Pe aeA ll 3, 076 40.08% .85 | 
45 avon | 9 2, 469 39.6941.57 | 











1 Pollen applied immediately after subsampling. 


A second experiment was conducted with pollen handled in the same 
fashion. In this experiment pollen was collected from 50 plants and 
thoroughly mixed. Subsamples were then poured into small glassine 
bags, which were assigned consecutive numbers. These subsamples 
were divided into three groups. One group was stored for 2% hours 
at 37° C., another was stored for the same length of time at 10°, and 
the third was held in an atmosphere of oxygen drawn into jars through 
sulphuric acid. All three treatments gave very low percentages of 
waxy seeds, the mean percentages being 32.49+0.49, 31.18+0.53, 
and 37.73+0.45, respectively. The results of the two temperature 
treatments were nearly alike in the percentage of waxy seeds, indicat- 
ing complete absence of temperature effect and pointing clearly to 
some other disturbing factor. 

These ears are the first in which a reduction in the percentage of 
waxy seed was observed to follow the use of stored pollen, but other 
lots were encountered subsequently and similar reductions have been 
reported by Brink (2). Further it should be noted that all pollen 
produced at the Arlington Experiment Farm in 1928 and subjected to 
various treatments gave similar reductions in the percentage of waxy 

seeds. Although the experiment affords no proof that high tem- 
peratures offer the explanation for the observed effect of storage of 
pollen in the sunlight, it must be borne in mind that the technique 
followed in handling the pollen samples differed radically from that 
previously employed. In fact the general reductions in the per- 
centage of waxy seeds observed in all pollen samples handled in bulk 
at Arlington raises the question as to whether the results are not 
directly ascribable to this method of handling the pollen. 

In addition to the oxygen series already discussed, storage in 
oxygen was tried on 3 other days. As it happens, no other ears are 
available for comparison on 2 of these days, as all other treatments 
tried, such as high temperatures, carbon dioxide, etc., proved lethal. 
— ever, a series of 10 ears resulted from fresh pollen used on 1 day 

(Aug. 4). These 10 ears had a mean of 46.24+0.78 percent waxy 
seeds. The summarized data for the oxygen treatments are given 
in table 9. 

All four groups of ears resulting from pollen stored in oxygen had 
less than half of the seeds waxy, “and the deficiency became | greater 
as the season advanced. No significance i is attached to this relation- 
ship, as numerous attempts to discover a seasonal trend in the 
waxy-horny ratio in many progenies have always resulted in failure. 
However, Chao (4), working with the glutinous gene in rice (which 
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corresponds in effect very closely with the waxy gene in maize), found 
evidence of a seasonal trend in the survival of pollen grains bearing 
this gene. 


TABLE 9.—Percentage of waxy seeds obtained from pollen stored in oxygen for 
Av h 
4% hours 


Date Ears a | Waxy seeds 
| 
| Number } Number Percent 
| July 31 | 5 | 1,727 48. 52+1. 23 
Aug. 1. 7 2, 345 46. 31+1. 31 
Aug. 4 4 137 40. 88+ 1. 30 
Aug. 7 22 9, 449 37.734 .45 





When the mean percentage of waxy seeds obtained from the use of 
fresh pollen (46.24+0.78) was compared with that obtained from 
pollen stored in oxygen (40.88+1.30) on August 4, the difference 
was found to be 5.36+1.52, the oxygen-treated pollen giving the 
lower percentage. 

At Lanham, Md., in 1928, bulk samples of pollen were collected 
from heterozygous plants, but, instead of combining the pollen of 50 
plants, only 10 plants were used and several collections were made. 
Numerous exposures to sunlight were tried, but in every case this 
treatment killed all the pollen. 

One experiment involved dividing the bulk pollen into three sub- 
samples, applying one subsample fresh to several ears, exposing a simi- 
lar quantity to direct sunlight for several hours, and placing the third 
lotinanoven. Five bulk samples, collected at five different hours in 1 
day, were treated in this manner. Nota single lot exposed to sunlight 
produced seed, but the oven samples were more successful. These 
are compared with the controls in table 10. The longest period of 
treatment corresponds with the earliest time of collection, since all 
treated samples were removed from the oven at the same time. 


TaBLeE 10.—Percentuge of waxy seeds obtained from fresh pollen and from duplicate 
pollen samples held in the dark for various periods and at various temperatures 


Treatment 


Hour of . Total 


Sample no. Ears 


: ot we i Waxy seeds 
collec tion | Temper- | puration seeds | 
ature — 
A. ™ *¢. Hours | Number Number | Percent 
, | ano lf © _ |--------- | 7 1,729 | 50.64+1.03 
" , : _ = | \ 35 84) 5 145 71.0443. 49 
| (1) ------| 5 | 1, 398 48. 641. 51 
ea cellaciavanbiea sideman . 8:30 26 8 | 5 | 700 | 46.151. 41 
| 28 8 | 6 1,076 | 46.40+ .82 
3 9:30 { (1) 8 1, 980 49. 04+1. 06 
——— ——? cos 28 7 Ss 2, 638 47.42+1.01 
4 10:15 | (‘) 10 3, 105 49. 08+ .80 
: Se ee ee ee l 26 | 6% 13 5, 491 48.4224 .37 
; 10:50 { @) oe } 1 168 53. 00-2. 50 
ee ee » 35 534 4 1, 525 49. 51+ .95 


! Pollen applied fresh. 
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It will be noted that, with the exception of the 8's-hour treatment 
at 35° C., all treatments resulted in a lower percentage of waxy seeds 
than their corresponding controls. The group of five ears resulting 
from the 8!-hour treatment and having a mean percentage of 71.0+3.5 
waxy seeds was consistent, although, as the total (145) shows, the 
ears had very few seeds. So far as known, there was no difference in 
these samples other than the time at which the pollen was collected 
and the length of the storage period. However, from the fact that the 
pollen collected at 10:50 a. m. and stored for 5% hours at 35° gave no 
evidence of an increased survival of waxy pollen grains, it is highly 
doubtful that the change observed in lot 1 after 2% more hours of 
storage could have resulted from the additional time unless a definite 
threshold reaction be assumed. It seems more likely that the pollen 
collected at the earlier period was in some manner more sensitive 
to the conditions imposed and that the waxy grains were slightly 
more able to resist the unfavorable treatment. Certainly the number 
of seeds obtained from this lot of treated pollen was very much less 
than that obtained from lot 5. 

In the years 1931 and 1932 all pollinations were made on the 
individual plant basis. Each sample of pollen from a heterozygous 
plant was subdivided and one lot was used fresh as acontrol. Various 
periods of exposure and several stages of heat treatment were tried. 
The results are summarized in table 11. When the array of mean 
differences is examined, it is seen that the percentages of waxy seeds 
from stored pollen range from a deficiency of 3.0+0.9 to an excess of 
17.344.6. The duration of the treatments ranged from 15 minutes 
to 2 hours, and the temperature to which the several samples were 
subjected ranged from 40° to 50° C. In attempting to derive order 
from this series, it became apparent that the closest relationship is 
that between the length of the exposure period and the degree of 
alteration in the proportion of functioning waxy pollen. The coeffi- 
cients of correlation of ranks calculated for these variables are as 
follows: Between the difference in the percentage of waxy seeds and 
duration of exposure p=0.614; between the difference and temperature 
p=—0.25; and between duration and temperature p=—0.7. The 
last-named coefficient, of course, results largely from design, since 
for the most part the pollen samples were kept at the highest tempera- 
tures for the shorter periods. With only 9 points, these coefficients 
can be only suggestive. 

There can be no question but that the series of ears resulting from 
the use of pollen stored in the dark for 2 hours at 41° C. in 1932 had 
significantly higher percentages of waxy seeds than the ears pollinated 
with duplicate samples of fresh pollen. However, even in this series 
of nine comparisons there were three where no effect of storage was 
obtained. In the other groupings there are scattered samples where 
unquestionable alterations have occurred, especially in the series of 
12 ears held on July 30, 1932, for 1}: hours at 47°. The series as a 
whole is so variable that the mean change is hardly significant. 

In addition to the scattered samples showing increased effectiveness 
of waxy pollen grains following storage, there are several cases where 
the treatment seems to have acted unfavorably on the waxy pollen. 
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TABLE 11.—Percentage of waxy seeds from fresh pollen and from pollen stored for 
various periods ana at various temperatures ! 


Total seeds from 


Treatment indicated pollen | Difference in 


eee waxy seeds 
Date _—— from fresh 
Temper- . : and from 
Duration | “ ature Fresh Stored | stored pollen 
1931 Minutes "S Number | Number | Number Percent 
July 28 4 15 42 9} 6, 316 5, 049 3. 0+0.9 
July 29 30 49 5 | 2, 261 1, 316 | —3.6+3.0 
July 30 = 30 44 4 2, 425 1, 270 | . 742.2 
Aug. 1 30 40 2 1, 121 1,857 | 1.4+1.0 
Aug. 2 20 5D 7 3, 999 4, 062 1. 1+2.3 
1932 
July 28 90 44 2 1, 969 2, 128 1. 1+2.1 
July 30 90 47 12 16, 613 13,724 | —7.942.6 
Aug. 3 75 41 s 10, 450 10, 031 —.9+ .7 
Do 120 41 9 11, 660 8, 184 17. 344.6 


| Pollinations were made with collections from individual plants, each pollen parent furnishing a fresh 
and a treated sample. 


One other series of comparisons of pollen treated in the dark 
remains to be discussed. In this last series individual plant samples 
were subdivided into two lots. One lot was stored at 10° C., the other 
at 25° for periods of 7 hours and 10 minutes to 7 hours and 30 minutes, 
both being in the dark. The pollen stored at 25° gave a slighly 
higher percentage of waxy seeds than that stored at 10° but the 
difference (2.6+.9) is not significant. Both samples gave mean 
percentages of waxy seeds slightly above 50, which is unusual. 


SroraGeE UNDER ARTIFICIAL LIGHT 


For experiments designed to determine the effect of light on the 
survival of pollen grains, the sun constitutes a capricious and an 
uncertain source of illumination since sunlight varies in intensity 
with each passing cloud. Even on bright clear days the intensity of 
radiation varies, and exposures to uniform amounts of radiation are 
not often obtainable. The chief advantages of sunlight lie in the 
amount of energy delivered and in the area covered, which makes 
possible the exposure of large numbers of samples. These advantages 
are offset by the difficulty in estimating the amount of radiation 
delivered over a given period. The development of the photronic 
cell has provided a means of rapidly measuring changes in radiation, 
but where the radiation is varying during an exposure period even 
frequent readings of this instrument permit only a coarse estimate of 
the amount of radiation. Accordingly a controlled source of illumi- 
nation was sought. 

It was known from the experiments of Brink (2) with ultraviolet 
and also from the fact that sunlight is effective through glassine paper 
(having a transmission spectrum similar to that of window glass) that 
wave lengths in the ultraviolet region were not essential in differen- 
tiating waxy from horny pollen grains. 

It was desirable that the artificial source of illumination should 
have an emission spectrum similar to sunlight and that the energy 
output should be such that long exposures were not required. 
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Providentially there was introduced at about this time a lamp 
designed to meet the therapeutic fad of the moment for home sun- 
tanning. This lamp ingeniously combines the mercury vapor arc 
with a glowing tungsten filament and when equipped with a Corex 
glass bulb affords in simple form a fair approximation to sunlight, 
though somewhat deficient in the middle region of the spectrum. 
The radiant energy at a distance of 20 cm from the source is roughly 
0.1 that of sunlight at the earth’s surface on a bright day. 

This light was placed in operation in 1930, a year that in the vicinity 
of Washington, D. C., was notable for an extended drought. Pre- 
liminary experiments showed that pollen exposed to this light for 
one-half hour failed to germinate on corn silks, but shorter exposures 
offered more hope. The treatments were planned, therefore, on the 
basis of exposures of 5, 10, and 15 minutes, and in addition some 
samples were illuminated through a quartz cell carrying a stream of 
cold water as a means of preventing a rise in. temperature.‘ 

The rigors of the season played such havoc with the results that 
few ears were obtained and these had very few seeds each. A single 
complete set, having enough seeds to carry some statistical weight, 
represents the results for this year. These data are shown in table 12. 


TABLE 12.—Percentage of waxy seeds obtained from subsamples of pollen from a 
single plant, applied fresh or after exposure for various periods to artificial light 
of 1,200 foot-candles ! 


Treatment 
a Total , 
. : Waxy seeds 
Duration | Tempera- — | 
‘ ture 
Minutes “¢. Number | Percent 
(?) 36 292 | 48.6+2.0 
5 38 122 54.9+3.0 
10 | 40 100 64.0+3. 2 
15 | 4 177 71. 842.3 


153 | 43 | 135 | 51.142.9 


1 Estimated from known distance between lamp and pollen. 
2 Pollen applied fresh. 
3 Pollen protected from high temperature by quartz water cell. 


The pollen used on these five ears was from a single heterozygous 
plant, and the results show that the factors operating during the 
exposures to light, in the absence of the quartz water cell, brought 
about a decided alteration in the proportion of waxy to horny pollen 
grains functioning in fertilization. The single ear resulting from the 
use of pollen exposed to light for 15 minutes but protected from high 
temperature by the quartz cell shows equally clearly that light alone 
does not affect these two sorts of pollen grains differentially. 

The temperature as measured by an exposed mercury-bulb ther- 
mometer rose under the quartz water cell from 36° to 43° C., whereas 
without the protection of the water cell the temperature attained a 
maximum of 49°. As it has been shown that temperatures of this 
degree for such short periods are ineffective, the possibility may be 
entertained that the differential functioning of these two sorts of 
pollen grains is brought about by the combination of light and heat. 





* The writer is indebted to Dr. F. S. Brackett, formerly of the Division of Radiation and Organisms, 
Smithsonian Institution, for suggesting the use of this device and for the cell itself. 
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Slight support for this hypothesis is derived from a summary of all 
the seeds obtained from these experiments in 1930. 

The high mortality of all pollen in 1930 prevented comparisons of 
individual pollen samples, but the seeds may be summarized. From 
the use of fresh pollen, 3,862 seeds were obtained having 50.0+0.6 
percent waxy; from pollen treated with artificial light not protected 
by the quartz water cell, 1,094 seeds were obtained having 53.0+1.0 
percent waxy; when the pollen was screened by the quartz water cell, 
2,479 seeds were obtained with 49.1+0.7 percent waxy; and when 
pollen was stored in the dark at temperatures identical with those of 
the unprotected light series, 260 seeds were obtained having 50.1+2.1 
percent waxy. The errors in the above summary are calculated from 
the total number of seeds and no great significance can be attached 
to the results. There is thus a slight indication that light plus heat 
produces an effect not obtained with either factor alone, but the data 
are far from conclusive. 

Since the data obtained in 1930 were inadequate, an extensive 
series of exposures to artificial light was tried in 1931. These exposures 
ranged from 5 to 45 minutes, all without the quartz water cell. The 
results are shown in the first 11 entries in table 13. Not one of the 
treatments produced a significant alteration in the proportion of waxy 
to horny pollen functioning in fertilization. 


TABLE 13.—Comparison of results obtained from fresh pollen and from pollen 
exposed for various periods to artificial light of 1,200 foot-candles ! 


Total seeds from 


Difference 
indicated pollen | 


Treatment ? 


‘ in waxy 
Pairec 
anil wid aie aired seeds from 
compari- ae aul 
sons 


Tempera- from treated 





Date Duration ture | Fresh Treated pollen 
_— n 

1931 Minutes -< Number | Number Number Percent 
July 25.. 20 P oa 5 2, 331 2, 027 —0. 242.0 
July 26 eae | =e 11 3, 975 3,717 -0+1.2 
Do ceed |) ee 6 2, 798 2, 508 1,541.7 
fh a eee: 5 47 6 3, 908 2, 790 3.8+1.7 
Do. 15 45 7 4, 968 5, 005 .041.4 
July 30 20 44 5 2, 689 2, 463 —3. 642.1 
0 30 46} 5 | 5, 705 2, 181 1.741.3 
Aug. 1 15 39 9} 4, 888 2, 901 2. 541.1 
Do. 30 42 | 9 | 5, 209 6, 761 4,641.1 
Do ; 45 43 | 4 1,514 1, 550 241.7 
Aug. 2. ae : 20 | 44 | 5| 2,930 1, 581 —. 242.0 

1932 | 

July 30 a ee 360 | 37 | 6 10, 130 | 3, 302 —9. 643.1 
Do adi Seen 90 47 5 7, 596 | 25 —55. 0+3.0 
Aug. 3 75 | 40 | 5 6, 540 | 1,384 | —47.0+1.9 
Do. : 120 41 | 6 8, 224 | 157 | —58.8+1.2 


| Estimated from known distance between lamp and pollen. At this distance the pollen was exposed to 
1,200 foot-candles in 1932, when the illumination was measured by the photronic cell. 

? Pollinations were made from collections from individual plants, each pollen parent furnishing a fresh 
and a treated sample 

3 At 800 foot-candles. 


A single experiment was arranged whereby the pollen samples were 
exposed at different distances from the source of light, all being ex- 
posed at the same time and for the same period. The distances were 
so arranged that the uppermost sample received four times the radiant 





5 The photronic cell was not available in this year, but the following year it was found that at the distance 
that separated them from the lamp the pollen grains were subjected to light of an intensity of 1,200 foot- 
candles 
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energy of the lowest sample. The comparison involved fresh pollen 
and pollen exposed for 20 minutes at distances of 32 cm, 24 em, and 
16 em from the light. The following percentages of waxy seeds were 
obtained: From the fresh pollen, 45.6 £0.7 7; from the pollen exposed 
at 32 cm, 43.2+0.6; at 24 em, 44.1+0.7; and at 16 em, 45.3 +0.8. 
Clearly for the time involved (20 minutes) the light produced no 
effect on the proportions of the two sorts of pollen grains, nor is 
there any evidence that the ratio varied with the energy received. 

In view of the conflicting results in these experiments with pollen 
ratios, further experiments were conducted in 1932. The summarized 
results are shown in the last four entries in table 13. Exposures as 
short as 1 hour with an illumination of 800 foot-candles, as measured 
with the photronic cell, produced a marked differential in the survival 
of the two sorts of pollen grains in certain samples. When the light 
intensity was raised to 1,200 foot-candles and the exposure time was 
extended beyond 1 hour, the treatment was almost completely lethal, 
but of the pollen grains that survived by far the largest proportion 
bore the waxy gene. With one exception (the 14-hour exposure at 
1,200 foot-candles), the temperatures of the treatments were not so 
high as those of 1931, but the difference in effect between the 2 years 
is striking. 

\ direct comparison of the effect of artificial illumination and of 
treatment in the dark at the same temperature is given in table 14. 
The ears in each comparison are from identical lots of pollen collected 
from individual male parents. The pollen samples stood side by side 
during treatment, the only difference between them being that the 
dark series were in covered pill boxes. The number of seeds in the 
light series is unfortunately small, and indeed only two of the ears in 
this series have any significance by themselves. In the aggregate, 
however, they emphasize the greater effect obtained with relatively 
high temperatures in conjunction with light as compared with the 
effect of similar temperatures in the dark. 


TaBLE 14.—Percentage of waxy seeds obtained from pollen subjected to artificial 
illumination of 1,200 foot-candles and from duplicate samples of pollen stored 
in the dark 


Seeds from pollen exposed to— 
Treatment ——_—— 


Pollen Dark Light 
sample 


Duration —- Total Waxy Total Waxy 
| 
Hours ad No. Nu mber Percent Number Percent 
2339 , 306 50. 040.7 3 100 
2353 ? 008 68. 141.0 7 100 
114 17 2437 1, 272 37.82 .9 122 66.4+ 2.9 
. : 2461 1, 936 47.04 .8 4 100 
2486 161 $4.541.9 7 100 
3007 58 84. 543.2 6 83. 3410. 2 
2816 450 81.341.2 16 100 
| 2694 672 92.14 .7 116 100 
2 41 2658 2, 020 48.0+ .8 s | 100 
| 2843 1,862 | 54.54 .8 10 | 9 +64 
3218 422 49. 141.2 6 100 
2 47 3629 43 53. 54-5. 1 5 100 


! The temperatures given are the maximum attained during treatment. 





th 


ol 


he 











in. 15, 1936 Modification of a Mendelian Ratio in Maize 


INDIVIDUAL PLANT RESPONSES TO POLLEN TREATMENTS 


The individuality of the reactions of the various pollen samples to 
the dark treatment has already been pointed out; a more detailed 
discussion follows: 

As an illustration of the variability of reaction of different samples 
of pollen, the data presented in table 15 have been assembled. The 
pollen was collected from four sister plants at 8 a. m., July 30, 1932, 
and subjected to various treatments. These four plants were chosen 
for this presentation because the treatments were alike and reason- 
ably successful in all categories. It will be observed that (1) only the 
pollen produced by plant 3005 showed a reaction to sunlight, (2) only 
the pollen from plant 2825 failed to react to 47° C. in the dark for 
15 hours, (3) the pollen of plants 2486 and 3005 failed to show any 
effect of storage for 24 hours, and (4) the pollen of plant 3007 failed 
to respond to artificial illumination of 1 hour’s duration. 

The pollen from all plants responded to some treatments, and it is 
not possible to conclude that the pollen of one plant is more or less 
sensitive than that of another. Apparently the condition of the pollen 
determines its response to a particular treatment. Thus pollen from 
plant 3005 reacted to sunlight, artificial light, and high temperature 
in the dark, but storage for 24 hours failed to bring about a change. 
On the other hand, pollen from plant 2825 showed only a relatively 
slight effect when subjected to artificial illumination but a pronounced 
reaction to prolonged storage. 

Because of their individuality, these responses give little insight into 
the nature of the reactions causing the differential survival of the two 
sorts of pollen, but they help to explain the variability encountered 
in arrays of ears obtained from the use of treated pollen. 


TABLE 15.—Percentage of waxy seeds from pollen collected from 4 plants at the 
same time, July 30, 1932, and subjected to light and darkness for various periods 
and at different temperatures 


Treatment Seeds from pollen collected from plant no. — 


| List ' 2825 2486 3005 3007 
aight) Tem- 
Jura- 
Dura inten-| pera- - — 


Exposure 


tion sity | ture , : ’ ; ‘ 
sity | . Total Waxy Total Waxy Total Waxy Total Waxy 
Foot- 
Min-| can- Num- Num- Num- Num- 
utes | dles *¢ ber Percent ber Percent ber Percent ber Percent 
a ae a 1,418) 45.340.9) 2,318) 44.640.7) 2,296) 45.6+0.7) 2,169) 48.94 0.7 
Sun. 15\ 4, 000 42} 1,303) 46.94 .9) 1,378) 48.34 .9) 1,245) 42.542 .9| 1,285) 45.62 .9 
Oe . as 30) 4,400 42 936) 43.6+1.1 892) 51.0+1.1 945) 48.8+1.1 1,240) 44.34 1.0 
Do... 45) 4,400 42 , 278) 47.24 .9 555) 48.341.4 250) 61.642. 1 885) 48.02 1,1 
Flours | 
Light 1 800 37; 1,347) 53.34% .9 18} 88.9+5. 2 765) 59.341.2) 1,006) 51.74 .8 
Do.. 114) 1, 200 _ eencents 7,100. 0 ; oe 6) 83.3+10.3 
Dark.«.- l cael = ate see 1,353) 47.24 .9| 1,005) 45.94 1.1 
Do.. 14 . 47; 1,179) 43.1+1.0 161) 84.5+1.9 199) 73.9+2. 1 58) 84.54 3.2 
Do.. 24 26 253| 74.341.9 277\ 44.8+2.0 708; 45.94+1.3) 1,155) 64.04 1.0 


1 Maximum attained during treatment 
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DURATION OF STORAGE 
SEVENTEEN Hours 

By collecting pollen in the afternoon, using one lot immediately 
a fresh control, and applying the remainder the following morning, a 
storage period of 17 hours was obtained, during which the pollen was 
kept in covered containers at room temperature. 

In this experiment pollen was collected from individual plants at 
Arlington, Va., at 4 p. m., August 6, 1929. The stored pollen was 
applied at 9:30 a. m. the following morning, giving approximately 17 
hours of storage. In 19 samples” the pollinations were successful in 
providing ears from both the fresh and the stored pollen. The ears 
obtained from the fresh pollen had the highest percentages of waxy 
seeds, but the difference of 2.62+1.15 is not significant. 

Although there were only 19 successful paired pollinations, 25 ears 
were obtained from fresh pollen and 26 ears resulted from the use of 
stored pollen. When these two groups were examined from the stand- 
point of their femaie parents there was seen to be strong evidence of 
the influence of the female parent on the percentage of waxy seeds. 
The waxy plants used as female parents in this experiment were in 
two progenies. The plants in one group were designated by numbers 
between 1200 and 1300; in the other group, by numbers between 500 
and 700. 

Fresh pollen applied to the plants numbered between 1,200 and 
1,300 produced 49.1 percent waxy seeds. Similar pollen applied to 
plants of the other progeny produced a mean percentage of 47.7 waxy 
seeds. The two groups are in fair agreement, x’? equaling 2.06 (P= 
0.147) and the mean of the two being 48.4. However, when stored 
pollen was applied to plants numbered between 1,200 and 1,300, the 
resulting seed was but 41.96 percent waxy, whereas similarly treated 
pollen used on plants numbered between 500 and 700 gave ears with 
a mean of 51.51 percent waxy seeds. The plants furnishing the pollen 
were not sibs of either progeny used as female parents. The x? of the 
difference between these two progenies is 7.05 (P=0.008). 

In one case storage decreased the effective proportion of waxy 
pollen grains, w hereas in the other case the proportion of these pollen 
grains was increased. Clearly there is an effect of the female parent 
on the behavior of stored pollen. No such effect can be demonstrated 
for the fresh pollen; in fact, the progeny that gave the highest per- 
centage of waxy seeds from the use of stored pollen gave the lowest 
percentage when fresh pollen was used. The difference between the 
two progenies in their reaction to stored pollen as compared with fresh 
pollen is 10.99+2.21. The data are given in table 16. 


TABLE 16.—Effect of female parent on percentage of waxy seeds from fresh and 
from stored pollen 





Waxy seeds from indicated 
pollen 





Female parent progeny | Difference 
no. on - oa ——| (fresh—stored) 
Fresh Stored 
Percent Percent Percent 
1200 49. 14+0. 79 41. 96+ 1. 02 7. 18+1. 29 
 _—— a . 47.7041.34 | 51.5141. 20 —3. 81+1. 80 


Difference - . - ---- 1. 4441. 55 —9. 55+ 1. 57 10. 99+2. 21 
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At Sacaton, Ariz., 1929, a short series of plants was self-pollinated, 
one half with pollen collected and applied in the afternoon, the other 
half with pollen stored overnight and applied the following morning. 
The period of storage was 16 hours and 5 minutes and, judging from 
the few ears and small number of seeds, the lethal limit was closely 
approximated. The ears obtained from the use of fresh pollen had 
18.9+0.6 percent waxy seeds, those obtained from stored pollen had 
19.3+0.8 percent waxy seeds. The difference is not significant. 
Both lots of ears have much lower percentages of waxy seeds than is 
customary in strains where no disturbing factor such as the su gene 
is present. 

Twenty-Four Hours 


In 1929, 1931, and 1932 there were a number of instances where 
pollen was stored in the dark (in covered pill boxes) for 24 hours. 
In these cases the pollen was collected in the morning and applied the 
following morning. In 1932 many of these long-period exposures 
were successful, whereas in other years the majority were failures. 
The data are presented in table 17. The results are very erratic, 
with the possible exception of the pollinations made in 1931, where 
there was a consistent and significant decline in the effective pro- 
portion of waxy to horny pollen grains in the stored pollen as com- 
pared with the fresh pollen. 


TABLE 17.—Percentage of waxy seeds obtained from fresh pollen and from pollen 


stored for 24 hours in the dark at air temperature 

Seeds from indicated pollen Difference 
Poller In waxy 
oe seed from 


Place Date — Fresh Stored | fresh and 
‘ from stored 
Total Waxy Total Waxy pollen 


Number Percent Namber Percent 














50920—36——3 





| 109 267 47. 242.1 55 | 100.0 52,842. 1 

Arlington Aug. 1-2, 1929 434 370 56. 241.7 18 38. 9+7.8 17. 347.9 
| 701 553 | 56.2+1.4 45 | 95.642. 1 39. 442. 5 

AV 44.9+6.7 

609 376 44.4+-1.7 221 38. 042. 2 6.44+2.8 

680 421 46. 8+1.6 220 36. 442.2 10. 442.7 

Lanham. Aug. 1-2, 1931 1857 482 43.64+1.5 167 32. 94-2. 5 10.7+2.9 
| 1967 107 | 61.7+3.2 278 | 44.242.0| 17.543.8 

1969 543 417.0+1.4 331 43. 2+1.8 3. 842.3 

AV 8.5+1.4 

2339 1, 203 43.7+1.0 534 44.0+1.5 —.341.7 

2340 1, 378 45.524 .9 410 43, 2+1.7 2.341.9 

2353 1, 055 42.54+1.0 584 46.9+1.4 —4.44+1.7 

2448 1,115 46.1+1.0 289 43. 342.0 2.8+2. 2 

2460 1, 006 41.4+1.1 252 42.542. 1 1,142.4 

2461 1, 184 43.0+1.0 385 41.8+1.7 1.2+2.0 

Desccuccccuas SU -GL, 16838....<<ss 2486 2, 318 44.64 .7 277 44.8+2.0 242.1 
2513 851 47.441.2 323 78.64+1.5 2+1.9 

2542 1, 168 4§.1+1.0 455 39. 8+1.6 1. 341.8 

2638 495 40.4+1.5 682 42.141.3 . 742.0 

2825 1, 418 45.32 .9 253 74. 341.9 . O42. 1 

3005 2, 296 45.64 .7 708 45.9+1.3 1.4 

3007 2, 169 48.9+ .7 1,155 | 64.0+1.0 1.4 

AV = 6. 142.2 


In 1929 and 1932 there were 5 large and unquestionable increases 
in the percentage of waxy seeds following 24 hours of storage, 3 of 
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these occurring in 1932. No explanation can be offered as to why 
these 3 samples behaved so differently from the remaining 10, othe: 
than the possible effect of slight differences in quantity of pollen. 
All of these samples had duplicates that were stored for 14 hours in 
the dark at a temperature that reached a maximum of 47°C. Two 
of these heat-treated duplicates (samples 2448 and 2513) failed to 
function when used to pollinate waxy plants. 

The fact that the heat treatment proved lethal might be urged as 
indicating a greater sensitivity for these two samples than for the 
remainder, but 24 hours of storage produced only a negligible change 
in the proportion of the two sorts of pollen grains in sample 2448, 
whereas sample 2513 showed a very great change. 

Aside from the samples that failed to produce ears, sample 2460 
had a period of storage in the sun for 1 hour and a duplicate sample 
had a covered exposure in the sun designed to equalize temperature 
effects. The exposure to direct sunlight- proved lethal, but the 
covered sample produced 10 ears showing no alteration in the pro- 
portion of the two sorts of pollen grains, the temperature in this case 
having attained a maximum of 50°C. All the other samples, with 
the exception of samples 2340, 2353, and 2825, gave significant 
increases when stored for 14 hours in the dark at 47°. Apparently 
the exceptions, 2340, 2353, and 2825, were not sensitive to the treat- 
ment, yet sample 2825, when stored for 24 hours, showed a large 
increase in the functioning proportion of waxy to horny pollen grains. 

These 24-hour periods of storage are of interest chiefly in showing 
that in some instances the processes that effect the differential func- 
tioning of these two sorts of pollen grains take place with the passage 
of time in the absence of light and at ordinary temperatures. 


EFFECT OF POLLEN STORAGE ON PERCENTAGE OF WAXY SEEDS IN BUTTS AND TIPS 


If certain storage conditions gradually reduce the vitality of the 
pollen grains so that the tubes of weakened grains grow more slowly 
than those of fully vital grains and if this reduction in vitality takes 
place faster in horny than in waxy grains, then the proportion of 
waxy to horny seeds in the butts of ears pollinated with stored pollen 
should be higher than that found in the tips of the same ears. 

In bulk populations where classifications were made separately for 
the butts and tips, it was found that ears resulting from fresh pollen 
had 43.7+0.6 percent waxy seeds and that ears resulting from pollen 
stored in the light for 7% hours had 48.4+0.8 percent waxy seeds, 
a difference of 4.7+1.0 due to storage. The increase is not great 
but it is significant and of sufficient magnitude to show an effect of 
treatment. Unfortunately, when these pollen samples were treated 
there was no direct sunlight, the day being cloudy and overcast, with 
high humidity. This may be the explanation of the slight increase 
in effectiveness of waxy pollen grains as well as of the unusual number 
of successful pollinations obtained with stored pollen. Although the 
observed alteration in the effective proportion of the two sorts of 
pollen grains is low, certain pertinent information may be derived 
from a comparison of the percentage of waxy seeds in the butts with 
that in the tips of the ears. 

In a group of 56 ears resulting from the use of stored pollen, the 
difference between the percentage of waxy seeds in the butts and that 
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in the tips was 3.10.4 percent. In a group of 31 ears resulting 
from the use of fresh pollen, the difference between the percentage of 
waxy seeds in the butts and that in the tips was 0.7+0.5. In both 
cases the butts had the higher percentage of waxy seeds. The differ- 
ence between these differences is 2.4+0.7, which may be considered 
significant. No such difference between butts and tips in the percent- 
age of waxy seeds is found when pollen from homozygous waxy plants 
is used on ears heterozygous for the waxy gene. In this same popu- 
lation the plants that furnished the heterozygous pollen for storage 
treatments were pollinated with homozygous waxy pollen, and the 
seeds from the butts and from the tips were separately classified. 
There were 118 of these ears, with a mean difference between butts 
and tips of 0.3+0.3 in the percentage of waxy seeds, the butts having 
the higher percentage. 

In the comparison between the percentage of waxy seeds in the 
butts and in the tips of stored and fresh pollen, not all of the ears 
examined came from identical pollen samples, for in some cases the 
fresh half of the pollen sample produced ears when the stored half 
failed, and in other cases the reverse was true. There were, however, 
17 cases where paired pollinations produced ears, one from the fresh 
and the other from the stored half of the pollen. Restricting the 
comparison of the percentage of waxy seeds in the butts and in the 
tips to these 17 pairs of ears, it is found that the percentage of waxy 
seeds in the butts is higher than that in the tips in both lots of ears 
and that the difference between the differences is 1.6+0.9 percent, 
the greater difference being found where the ears resulted from the 
use of stored pollen. This is not a significant difference. 

If the differences observed in the bulk populations are due largely to 
reduction in pollen vitality by conditions operating during storage, 
it should be found in this population that the ears with fewest seeds 
had the greatest differences between butts and tips in the percentage 
of waxy seeds. This relationship would not be very close, as many 
factors other than pollen vitality influence the total number of seeds 
produced on an ear. The product-moment coefficient of correlation 
between the number of seeds and the magnitude of the difference in 
percentage of waxy seeds between butts and tips is found to be —0.245, 
indicating that, as the number of seeds increased, the percentage of 
waxy seeds in the butts and tips tended to reach equality. This 
coefficient, however, is not significant, P falling between 0.1 and 0.05. 

In the bulk populations, it is found that in the group of 56 ears 
resulting from stored pollen there is a correlation of 0.701+0.046 
between the percentage of waxy seeds in the butts and that in the 
tips. In the group of 31 ears resulting from the use of fresh pollen 
this correlation is 0.628+0.075. In the group of 118 ears resulting 
from the use of homozygous waxy pollen on ears heterozygous for 
waxy, the correlation is —0.017+0.062. Clearly, the relationship 
between the two halves of the ear in percentage of waxy is much 
closer where pollen is involved than where the distribution of seeds 
is determined by the formation of the ovules. 

Since in this material each main sample represented a single 
heterozygous plant, it might be argued that the plants differed with 
respect to the production of viable waxy pollen grains. It is more 
probable, however, that the viability of pollen was changed by some 
condition subsequent to anthesis. With stored pollen, where an 
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artificial difference has been interposed between the several lots ot 
pollen the intraclass correlation is marked. It should be borne in 
mind that in the two series of ears resulting from heterozygous pollen 
essentially the same plants are involved as pollen parents. The 
stored pollen was identical with that of fresh pollen insofar as it was 
possible to insure identity. However, it is equally clear that although 
the pollen samples were stored in the sunlight under as nearly identical 
conditions as possible some condition was present that served to 
differentiate the separate lots. 

Clearly something operates during storage that tends to make the 
ears pollinated by a subsample from a given lot of pollen more nearly 
alike than would be expected from chance alone. In other words 
the lots of stored pollen have become differentiated. This could be 
explained on the assumption that the samples differed in moisture 
content at the time of collection, a condition that would have no 
effect on the pollen used immediately but might be an important 
factor in its reaction to storage. Many other explanations suggest 
themselves, e. g., that some lots contained more pollen than others, 
thus providing a variable pollen screen affording the lower layers a 
variable protection from the sun. Variation in quantity would have 
little effect on pollen applied immediately. Speculation as to the 
cause or causes underlying the observed differences in degree of 
intraclass correlation are futile, but the existence of these differences 
is further evidence that storage (whatever the factors involved) has 
a differential effect on these two sorts of pollen grains. 


DISCUSSION 


Although the storage experiments conducted with pollen samples 
from maize plants heterozygous for the waxy gene have not resulted 
in demonstrating any regularity of behavior of pollen grains, there 
is no question that the proportions of the two sorts of grains function- 
ing in fertilization can be altered by external agencies. It is not 
possible to outline at this time a treatment of pollen that will produce 
a given percentage of waxy seeds, but it may be stated with certainty 
that exposure to light will usually result in an increased effectiveness 
of waxy pollen grains. Were it not for the results obtained with 
composite pollen samples in one season, a like conclusion could be 
reached with respect to heat treatments in the absence of light. As 
the data now stand, heat treatments may either increase or decrease 
the effectiveness of waxy pollen. Under the circumstances, it seems 
more logical to assume that some factor other than the treatments 
given caused the deficiency in the composite samples, in which case 
it might be assumed that heat in the absence of light also increases 
the effectiveness of waxy pollen grains. 

Whatever process takes place in the treated pollen grains it has 
been demonstrated that in some instances time can be substituted 
for light or heat, with similar results. The fact that storage in the 
dark at ordinary temperatures sometimes brings about an unequal 
functioning of the two sorts of grains points in the direction of an 
oxidation process that is speeded by illumination or high temperatures. 

Brink (3) has shown that the waxy carbohydrate has a lower dia- 
static activity than ordinary cornstarch, and in harmony with this 
finding Sprague (21) shows that pollen grains containing waxy starch 
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require more time for germination than do grains containing ordinary 
starch. If fresh waxy and horny pollen grains are applied to stigmas 
in quantities far in excess of the number of ovules, the result of the 
differential rate of germination will be a deficiency of waxy seeds. 
However, if small quantities of pollen were used the difference be- 
tween waxy and horny pollen in the time required for germination 
would not be reflected in the seed classes, since competition for ovules 
would be largely eliminated. 

If storage conditions operate merely to kill most of the pollen 
grains, then pollinations made with stored samples would in effect 
be made with greatly reduced numbers of effective grains and the 
two types of seed should approximate equality more nearly than when 
fresh pollen is used. 

To account for a deficiency of waxy seeds from the use of fresh 
polien and an excess from the use of stored pollen, it has been sug- 
gested (12) that the two sorts of grains were not equally mature at 
anthesis (a condition that might also explain the difference in time 
required for their germination) and that before waxy grains have 
reached maturity death has begun to eliminate horny grains. 

Sprague’s experiments offer the possibility that the conditions of 
storage overcome whatever factors operate to delay germination of 
the waxy grains and that the rate of germination of grains of this 
type is actually accelerated beyond that of the horny grains. This 
explanation may be merely substituting germination for maturity, 
but its greater specificity makes it attractive. 

In this connection the experiments of Flint (9) on the role of light 
in the germination of lettuce sceds are of interest. Flint shows that 
lightin the red end of the spectrum is essential for germination in certain 
samples of seed and that any sample of lettuce seed can be made to 
require red light for germination by a short exposure to radiation in 
the blue end of the spectrum. 

Although it is a far cry from the germination of lettuce seeds to the 
differential functioning of two sorts of pollen grains of maize, it is 
quite possible that similar photochemical processes are involved. 
Flint’s work shows that the wave lengths affecting germination in 
lettuce are close to if not identical with those that affect the develop- 
ment of rancidity in oils and that these regions of the spectrum have 
an important function in photosynthesis. 

It may be that the photochemical process which differentiates be- 
tween waxy and horny pollen grains is operating to oxidize fats, in 
which case the waxy gene must have an effect on the type or quantity 
of stored fats in addition to its well-recognized effect on the type of 
starch. 

The chief drawback to this hypothesis is found in the loss of 
vitality of stored pollen grains. That storage conditions do kill most 
of the pollen grains hardly needs affirmation, but that the death rate 
differentiates between the two types of pollen can be inferred only 
from the results. 

Attempts to estimate the correlation of the loss in germinating 
power with the time of exposure to deleterious conditions by ger- 
minating pollen samples on excised silks have not been very success- 
ful, although the tests show clearly that vitality declines. With 
uninjured pollen a casual inspection of silks a few minutes after 
pollination is enough to disclose many germinated grains, but with 
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treated pollen much hunting about may be required before a singl 
germinated grain is found. Of course there is no method of distin 
guishing the waxy from the horny grains in a heterozygous sampk 
without destroying their vitality. It is, therefore, not possible to 
measure directly any differential change in rate of germination 
between these two kinds of pollen grains that might result from 
storage. 

Information on this point is very limited, for germination tests of 
pollen were made simply to obtain an immediate check on the lethal 
effect of treatments. Pollinated silks were examined and records 
made as to whether or not germinated grains were found. If no such 
grains were discovered 15 minutes after pollination, another sample 
was examined in half an hour, and this scrutiny was resumed at half- 
hour intervals up to 3 hours. No effort was made to arrive at per- 
centages of germination, the records simply noting relative degrees 
of germination. These records do show, however, that some samples 
in which no germinated grains could be found after the first 15 
minutes did in fact have a few germinated grains after 2 hours. Such 
observations lend little support to the hypothesis that storage treat- 
ments accelerate germination. 

Although, in general, stored pollen showed less germinated grains 
than fresh pollen and a slower rate of germination, as measured by the 
elapsed time before germinated grains could be found, the method is 
not wholly satisfactory. In several cases good ears were produced 
with pollen showing no germination on excised silks, and in other 
cases the reverse was true. 

Attempts to find a physical difference between waxy and horny 
pollen grains were without success. This is rather surprising, as it 
seems improbable that such a distinctive chemical difference would 
not be reflected in some measure of size. Indeed, in the seeds a differ- 
ence is found in weight (waxy seeds being lighter), and since there is 
no difference in specific gravity waxy seeds are smaller in volume 
than horny seeds from the same ear (7). The difference in volume 
between these two sorts of seeds approximates 5 percent of the waxy 
seeds. Had a similar difference existed in the pollen grains it should 
have been disclosed in the tests with sieves and the micrometer 
measurements. The errors in the determinations of size of pollen 
grains were such that differences of the order of 3 percent could have 
been detected. 

Although it appears impossible to separate waxy from horny 
pollen grains by physical means, Mangelsdorf (16, 17) has shown such 
separations to be possible with other differentiating genes in maize, 
and the process may be a general one in constant operation. With 
the brief time required for the germination of maize pollen (2/), 
even slight differences in size or specific gravity (which would affect 
the time of their deposition on the stigmas) might have selective 
importance. 

In the case of the waxy gene enough evidence has been presented 
to show that under certain adverse conditions this gene provides ¢ 
survival factor for the pollen grains carrying it. There can be little 
doubt that under the proper conditions only waxy pollen grains 
would survive to effect fertilization, and probably there are many 
other genes that condition similar reactions. With the enormous 
populations of pollen grains provided by every corn plant, an oppor- 





a ai i tote Ore 


_ 











Jan. 15, 1936 Modification of a Mendelian Ratio in Maize 119 


tunity is present for rigorous selection, although there is no evidence 
that the pollen grains surviving unfavorable environments contribute 
unusual vigor to the resulting zygotes. 


SUMMARY AND CONCLUSIONS 


No differences in size, weight, or specific gravity were found 
between waxy and horny pollen grains. 

There is some evidence of a deficiency of functioning waxy pollen 
grains among the grains of smallest size. 

There is no evidence that waxy pollen grains are less mature when 
shed early in the morning than when released later in the day. 

Exposure of pollen grains from plants heterozygous for the waxy 
gene to direct sunlight for several hours increases the proportion of 
waxy grains that effect fertilization in those samples where this 
treatment is not lethal. 

Similar though more erratic results are obtained when such pollen 
is stored in the dark for 1 or 2 hours at temperatures exceeding 40° C. 

Exposure for 1 hour to artificial light of 0.1 the intensity of direct 
sunlight increases the proportion of waxy pollen grains that function 
in fertilization. 

There is some indication that storage at high temperature and also 
in oxygen reduces the proportion of waxy pollen grains that can effect 
fertilization, but since this result has been obtained only with a single 
composite pollen sample collected from many plants it is thought 
that the method of compounding the pollen, rather than the storage 
treatment, was the causal factor. 

The greatest change in the relative effectiveness of waxy pollen 
grains is found when pollen is exposed both to high temperatures and 
to light. 

Storage in the dark at low temperatures (10° C.) produces no 
measurable effect. 

Pollen samples collected from individual plants were found to 
react differently to the several treatments. 

Pollen collected in the afternoon and applied the following morning 
showed no change in the relative effectiveness of waxy and horny 
grains. 

Pollen collected in the morning and held in the dark for 24 hours at 
room temperature occasionally showed an increased effectiveness of 
the waxy grains. 

When stored pollen is used the percentage of waxy seeds is higher 
in the butts than in the tips of the ears, indicating a relative reduction 
in the vitality of horny pollen grains. 

A single population was obtained that showed conclusively an effect 
of the female parent on the behavior of pollen grains subjected to 
storage. The source of pollen was the same for all ears, and the ears 
resulting from the use of fresh pollen had similar percentages of waxy 
seeds, all slightly in defect of equality. In one of the groups of ears 
resulting from the use of stored pollen, the percentage of waxy seeds 
was less than that obtained with fresh pollen, whereas in the other 
group of ears stored pollen resulted in a higher percentage of waxy 
seeds than was obtained with fresh pollen. 
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WIDESPREAD OCCURRENCE AND ORIGIN OF FATUOIDS 
IN FULGHUM OATS! 


By A. CorrMan, associate agronomist, and J. W. TayLor, associate agronomist, 
Division of ( ‘ereal Crops and Diseases, Bureau of Plant Industry, United States 
Department of Agriculture 


INTRODUCTION 


Fatuoids in oats (Avena L.) have been recognized for about 50 
years (13, 20)’ and have been of especial interest for more than 25 
years because of (1) their economic importance and (2) the nature 
of their origin. At present there is more interest in the fatuoid than 
in any other aberrant in the small grains. The fatuoid, or false wild 
oat, usually is similar to the variety in which it occurs and is character- 
ized by lemmas having awns and basal characters similar to the 
lemmas of A. fatua L. 

The present paper is a further report on a study by the writers (3) 
to show the distribution of the fatuoid in the Fulghum variety and 
the role played by natural crossing in the occurrence of fatuoids. 
Fulghum was chosen because it is generally recognized as containing 
more fatuoids than any other agriculturally important American oat 
variety. 

REVIEW OF LITERATURE 


The possibility of fatuoids becoming economic weeds, such as 
Avena fatua, has been mentioned by several investigators (8, 28) as 
well as in press dispatches. The origin - fatuoids is commonly 
attributed either to HT crossing (1, 29, 30, 31, 32, 33) or toa 
form of mutation (3, 5, 6,8, 9, 10, 14, 15, 16, 17, 18, 19, 22, 23, 24, 25). 
Since 1907 the ceution theory has gained many ‘adherents and the 
natural crossing but few. However, in 1929, Tschermak (3/), after 
more than 15 years of study of the problem, asks proof from the 
mutationists as to the purity of their populations. That Tschermak 
has grounds for questioning the purity of an open-pollinated oat 
population is known from natural- -crossing studies (//, 12, 27). In 
addition, Coffman and Wiebe (4) have observed examples of apparently 
natural crossing between A. sativa and A. fatua, and Aamodt, Johnson, 
and Manson (1) have conducted extensive studies of natural crossing 
between these two species. 

The results of inheritance studies so far reported indicate that 
fatuoids are recessive to normal oats, usually by a single-factor dif- 
ference. The writers have observed this to be true in crosses of the 
common, or “‘A type’’, fatuoid in Fulghum with varieties of either 
Avena sata L. or A. byzantina C. Koch. - The intermediate and 
normal forms are inseparable in some crosses. 


! Received for publication Sept. 16, 1935; issued March 1936. 
2 Reference is made by number (italic) to Literature Cited, p. 130 


Journal of Agricultural Research, Vol. 52, no. 2 


Washington, D. C. Jan. 15, 1936 
Key no. G-994 
(123) 





Journal of Agricultural Research Vol. 52, no 2 


PREVALENCE OF FATUOIDS 


The cultivated red oat (Avena byzantina), to which Fulghum 
belongs, is considered by Coffman, Parker, and Quisenberry (2) to be 
a derivative of A. sterilis L., and at least two varieties belonging to 
that species, namely, Burt and Fulghum, contain many diverse 
forms, the origin of which is difficult to explain. The difficulty in 
obtaining true-breeding Fulghum has been reported by Stadler and 
Kirkpatrick (26), Parker, as reported by Farrell (7), and others. 
Progenies of single Fulghum panicles frequently contain fatuoids 2 
or 3 years after selection, and possibly no selection of extensively 
grown Fulghum is free from fatuoids. 

The information on the prevalence of fatuoids presented in table | 
was obtained at 28 experiment stations in 17 States of the United 
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oats has been investigated. 


States (1) by questionnaires sent to experiment stations, (2) by 
examination of seed samples of Fulghum oats received from these 
stations, (3) by growing and observing plants grown from this seed 
at Arlington Experiment Farm, Rosslyn, Va., and (4) by observations 
made at the experiment stations themselves. As shown in figure 1, 
stations in all of the important Fulghum-producing States were 
included in this survey. 

In 19 of the 25 samples of seed received from 18 stations, including 
Arlington Farm, fatuoids were found ranging from 0 to 12 per 2,000 
kernels counted and averaging 0.11 percent for the 50,000 kernels 
examined. 

When these seed samples were sown in plots in 1930, it was observed 
that 20 of the 25 seed samples produced some fatuoid plants. The 
number ranged from 0 to 9 per 2,000 individuals and averaged 0.22 
percent in the 41,022 plants observed. The following year a second 
seeding was grown from 20 of these 25 samples. Progeny from 8 of 
these samples contained fatuoids, ranging from 0 to 0.67 percent per 
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plot. Poor germination resulted in thin stands, but, among 11,924 
plants examined, 16, or 0.13 percent, were fatuoids. 


TABLE 1.—Summary of data on occurrence of fatuoids in Fulghum oats at various 
experiment stations during several seasons 


Reports or observa- 
tions on 


Sta- | Sam- Indi- 
Item tions | pies viduals Fatuoids found 
repre-| sub- 7 . exam- 
sented |mitted| Fatu- | Fatu- | ined 
oids oids rotal 
present | absent 
Num- | Num-| Num- | Num- | Num-| Num- | Num- Per- Per- 
ber ber ber ber ber ber ber cent | cent ? 
Questionnaires ‘ 17 13 4 17 
Seed samples: 
Fall-sown. . s 12 .-| 24, 000 22 0.092 
Spring-sown..-. 10 13 26, 000 | 33 127 
Total _- 18 25 19 6 25 | 50,000 55 .110 0-0. 60 
Plants grown: 
Arlington Experiment Farm, 
1930: 3 
Fall-sown. lcsshhaaniih . 12 18, 734 37 198 
Spring-sown. ae 10 13 22, 288 52 . 233 
Total 18 25 20 5 25 | 41,022 SY 217 O- .45 
Arlington Experiment Farm, am 8 12 20 | 11,924 16 134 0- .67 
1931: 4 
Experiment stations, 1931: 
Fall-sown - - -. 14 14 12, 800 42 328 
Spring-sown.-_-. ° 4 4 3, 500 22 629 
Total as 18 18 18 0 18 | 16,300 64 . 393 | .10- .90 
Total fall-sown ®__.__. 55, 534 101 . 182 
Total spring-sown * J 51, 788 107 . 207 
Grand total ° . . 119, 246 224 . 187 
A verage. 


? Range. 
25 samples of seed from 18 experiment stations (including Arlington) were sown at the Arlington Experi- 
ment Farm, Rosslyn, Va. 
‘ Second seeding of 20 of the seed samples made at Arlington Experiment Farm. 
Independent observations made at 18 southern experiment stations. 
Includes fall-sown seed and plants 
’ Includes spring-sown seed and plants. 
§ Includes total fall-sown, total spring-sown, and plants grown at Rosslyn, Va., in 1931. 


Observations made on 18 southern experiment stations in the 
summer of 1931 disclosed the presence of fatuoids at all stations. 
The number ranged from 1 to 9 per 1,000 individuals and averaged 
0.39 percent of the 16,300 plants examined. 

As a result of several years’ studies it was found that a few fatuoids 
were present in Fulghum at all 28 stations in 17 States; that they were 
not more prevalent in fall-sown than in spring-sown oat areas; and 
that the number never equaled 1 percent at any station and averaged 
only 0.19 percent in 119,246 individual seeds or plants. It may be 
concluded, therefore, that fatuoids are not now weeds in the United 
States, nor are they likely to become weeds under present cultural 
conditions. 

ORIGIN OF FATUOIDS 


CONSTANCY OF FULGHUM WHEN SELFED 


Selfing studies were conducted to measure the importance of natural 
crossing on the constancy of Fulghum and fatuoids. Individual pan- 
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icles were enclosed in glassine bags before flowering and the progenies 
from such panicles were grown. 

Results from selfing studies begun in 1927 on Fulghum are presented 
in table 2. In 1927, 97 Fulghum plants were selfed. These furnished 
material for later studies. The number of progenies in which no 
fatuoids occurred after 1, 2,3, and 5 years of selfing, respectively, were 
as follows: In 1928, 300; in 1929, 220; in 1930, 216;in 1932,88. How- 
ever, of 930 Fulghum individuals grown in 1931, the progeny of 4 years 
of selfing, 3 were homozygous fatuoids. In 1,754 individuals produced 
in 5 years, 3, or 0.2 percent, were fatvoids. 

The infrequent occurrence of fatuoids indicated that larger popula- 
tions were desirable, and therefore Fulghum lines open-pollinated for 
a single season after previous bagging were grown a second year. 

No fatuoids due to natural crossing would be expected in Fulghum 
lines open-pollinated for but 1 year, as the fatuoid is recessive to 
Fulghum. 


TABLE 2.—Occurrence of aberrant individuals in self- and open-pollinated Fulghum 
oats at Arlington Experiment Farm, Rosslyn, Va., in the years 1928-32 


Normal] (previously selfed) 2 Fatuoid progeny plants 


» : Previously open- 
bar @X¢ ad! -rogeny plants -revio selfe te 
Year examined Progeny plants Previously selfed pollinated 
Parent | } 
plants a ens Sa 


| 
Total Fatuoids Total | Aberrant Total A berrant 


| | | 
| Num- | Num- Num-| Per- | Num- | Num-| Per | Num- | Num-| Per 


| ber ber ber cent ber ber cent | ber ber cent 
1928 * | 20 300 0; 00} 340 0 0} 1,402 | 16 1.14 
1929 oe -| i) 220 0 .0 105 0 | 0 132 2 1. 51 
1930 10 216 0 0 422 0 0 162 | 5 3.09 
1931 98 930 3 3 168 | 0 0 676 | (46) 6.80 
1932 8 88 0 0 21 | 0 0 | 587 | 275 | 46.85 
Total 145 | 1,754 | 3 -2| 1,056 | 0 0 2,959 | 344 | 11.6 


' Aberrances observed are the result of mutations or natural crosses that occurred the previous year. 
2 Less than 0.5 percent of aberrant plants were observed in the open-pollinated Fulghum. 


In 1930 there were grown 1,198 progeny individuals, the parents of 
which had been bagged for two generations, 1. e., 1927 and 1928, but 
had been open-pollinated in 1929. In 1931 there were grown 9,856 
progeny individuals, the parents of which had been bagged in 1927, 
1928, and 1929 but had been open-pollinated in 1930. Six fatuoids 
were observed in the 1,198 individuals produced in 1930, and 20 in 
1931, a total of 26, or 0.2 percent, in the 11,054 plants. The 1,198 
progeny plants produced in 1930 were from head-to-row seedings 
and 6 of the rows contained fatuoids. In 1931 a progeny row was 
grown of each individual in these 6 rows and the resulting test proved 
that the 6 strains were similar in breeding behavior to F; populations 
of a cross of normal  fatuoid which differed by a single factor. As 
natural crossing was excluded by selfing in 1928, it is apparent that 
chromosomal irregularities occurred that year, giving in 1929 the 
intermediate type that segregated in 1930. 

All six mutations observed in 1930 apparently were to the inter- 
mediate form, although Marquand (27) and Huskins (1/7) have report- 
ed the observation of mutation direct to the homozygous form. This 
latter is possible when aberration occurs in both the male and the 
female sex cells that form the zygote. 
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However, if fatuoids arise only by mutation and 0.2 percent of 
these aberrances occur in a population, it would theoretically require 
15,625 individuals for the mutation to occur directly to the homozy- 
gous form, whereas mutation to the heterozygous form would occur 
once in each 125 individuals. 


CONSTANCY OF THE FATUOID 


It has been reported that the Fulghum fatuoid does not always breed 
true (7, 28). Plants of fatuoids were selfed to test their behavior 
under controlled pollination. Progenies were grown from the selfed 
fatuoid panicles as follows: 340 in 1928, 105 in 1929, 422 in 1930, 
168 in 1931, and 21 in 1932. The progeny of all these 1,056 bagged 
fatuoids bred true. 

In addition to the selfing studies, progenies from fatuoids of the 
same lines were grown open-pollinated. Adjacent to the fatuoid 
lines were rows of Fulghum and Black Mesdag. The F, of a natural 
cross of these varieties on the fatuoid is easily recognized by the 
dominance of their characters. Intermediate or F, plants were 
observed as follows: In 1928, 16 of 1,402; in 1929, 2 of 132; in 1930, 
5 of 162; in 1931, 46 of 676; and in 1932, 275 of 587. Of 2,959 indi- 
viduals, 344, or an average of 11.6 percent, apparently were crosses. 
In 1932, more than 46.8 percent of the progeny of open-pollinated 
fatuoids apparently were crosses. Therefore, it may be stated that 
the common or A type fatuoid in Fulghum shows a varying tendency 
to be cross-pollinated unless foreign pollen is excluded. 

The high frequency of cross-pollination in Fulghum fatuoids is 
striking when compared with the low frequency in normal Fulghum. 
Less than 1 percent of cross-pollination was observed in the normal 
Fulghum in these experiments as compared with an average of 11.6 
percent and a maximum of nearly 47 percent in the fatuoids in a 
single season. Of course, factors of climate and soil may influence 
pollination. 

VIGOR OF THE FATUOID 


Several investigators have stated that there was little difference in 
vigor between the normal and the A type Fulghum fatuoid. The data 
in tables 3 and 4 indicate that plants of fatuoid Fulghum are shorter 
than those of normal Fulghum and bear more than twice as many 
infertile florets. The average height of the fatuoids was 38.8 +0.06 
inches; of the intermediate fatuoids, 40.6+0.06 inches; and of the 
apparently normal plants, 40.7+0.09 inches. It is not always possible 


to differentiate the intermediate fatuoid from the normal plant. 


TABLE 3.—Relative height of normal, intermediate, and fatuoid Fulghum plants in 
segregating populations 


| ‘Tillers per 
pl 


Type of plant Plants | Height of plant} lant 
Number Inches Number 
oe ‘ 136 =| = 40. 70. 085 3. 50. 069 
Intermediate !___.__.- 249 «|| «= 40.64 .062 3.9+ .061 
Fatuoid — ; 107 | «38.84 .064 | 4.04 .124 


! It is often difficult to separate intermediate and normal forms. 
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TaBLE 4.—Relative fertility of florets on open-pollinated, primary, secondary, and 
self-pollinated panicles of normal and fatuoid Fulghum oats, 1927-31 


Florets on normal panicles of indicated Florets on fatuoid panicles of indicated 
type type 
Crop year Primary Secondary Selfed Primary Secondary Selfed ! 


Ster- 
ile 


om Ster- |», Ster- | ». Ster- om Ster- | -. Ster- 
Total | °£"- | Total | S&F] Total | Ster Total | PT} ‘Total | Ster 
ile | ile ile 


ile Total | 


Num-| Per- | Num-| Per- | Num-| Per- | Num-| Per- | Num-| Per- | Num-| Per- 


ber cent ber | cent | ber | cent ber cent ber cent | ber | cent 

1927 2, 329 5.8 236 | 16.7 | 751 | 30.2 | 1,345 | 11.5 | 1,330 | 35.7 | 2, 236 43.9 
1928 482 | 19.7 510 | 28.4) 338 | 29.6 162] 51.2) 493 | 75.3] 879) 49.1 
1929 503 7.8 143 | 18.9} 371 | 33.2 302 | 34.1 | 167 | 58.1 621 74.4 
1930 340 | 9.4 220 | 30.5 805 | 34.8 103 | 41.7} 117 | 29.1 978 | 77.2 
1931 241 7.0 145 | 49.7 231 | 44.6 149 | 25.5 407 | 52.1 353 83. 

Total or weighted . 

average 3, 895 8.2 | 2,254 | 23.0 | 2,496 | 33.4 | 2,061 | 20.5 | 2,514 | 47.3 | 5,067 57.7 


Panicles of primary type 


In the fatuoid and the apparently normal Fulghum plants, 20.5 
and 8.2 percent, respectively, of the florets of primary panicles were 
sterile. In both types of plants more than twice as many florets 
were sterile in secondary panicles as were sterile in primary panicles. 
Also, more than twice as many florets were sterile in the primary and 
secondary panicles of the fatuoid plants as were sterile in these re- 
spective panicle types in the normal Fulghum. This high percentage 
of sterility in fatuoids probably is one reason why Fulghum fatuoids 
cross-fertilize so frequently and often do not breed true when open- 
pollinated. 

Data obtained on Black Mesdag, grown to compare its fertility 
with that of Fulghum and the fatuoids, indicated that bagging did 
not seriously impair fertilization in this Avena sativa variety. Data 
were obtained in each of 4 years. Of a total of 1,563 florets on pri- 
mary and 647 on secondary panicles, an average of 21.6 and 41.7 per- 
cent of the florets were sterile on the primary and secondary panicles, 
respectively. The range in sterility was from 2.7 percent in 1931 to 
34.3 percent in 1930 in the primary and from 13.6 in 1929 te 77.0 
percent in 1930 in the secondary panicles. Panicles were bagged in 
1928 and 1930. An average of 19 percent of 667 florets were sterile, 
i. e., 14.3 percent in 1928 and 20.8 percent in 1930. 

The fact that fatuoids appear to be slightly less vigorous than 
normal Fulghum plants probably explains the observed decrease in 
the number of fatuoids in fall-sown Fulghum and Kanota varietal 
plots grown at Arlington Experiment Farm. At probably no experi- 
ment station included in this study are Fulghum and Kanota grown 
from fall seeding under conditions so apt to result in winter-killing as 
at Arlington Farm. The decrease in the number of fatuoids to the one- 
fortieth-acre plot is indicated by the data in table 5. No data are 
available on the number of plants per plot, but the trend seems to be 
very pronounced. 
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TABLE 5.—Occurrence of fatuoids in Kanota and Fulghum oats grown at Arlington 
Experiment Farm, Rosslyn, Va., from seed received from Kansas 


Fatuoids per }40-acre plot in 


Date 
Variety intro- * 
duced | 1993 1925 1927 1928 | 1929 
| Number | Number | Number | Number | Number 
Kanota- 1922 | 20.0 0.8 1.0 0.3 7 
Fulghum 1925 14.0 15.0 2.3 17 


SUMMARY AND CONCLUSIONS 


Interest in fatuoids apparently has existed for 50 years and con- 
troversy as to their origin for more than 25 years. Of the two 
explanations offered for their origin, that of mutation is more widely 
accepted than that of natural crossing between Avena fatua and 
cultivated oats. 

Fatuoids were present in Fulghum oats at 28 experiment stations in 
17 States of the United States and were not more numerous in the 
fall-sown than in the spring-sown oat areas. They were nowhere 
sufficiently numerous to be an economic factor as weeds. They 
constituted less than 1 percent of any population of Fulghum oats 
examined. Fatuoids are detrimental chiefly because their presence 
may discredit otherwise promising oat strains or seed samples. 

Approximately 0.2 percent of fatuoids appeared spontaneously in 
lines of normal Fulghum that had been self-pollinated for four 
generations. In all cases the mutation apparently occurred to the 
intermediate type, resulting, in the following generation, in the 
production of fatuoid and normal plants in a ratio of 1:3. When 
selfed, the Fulghum fatuoid bred true. 

Theoretically, the mutation occurred to the intermediate form once 
in 125 individuals. Mutation to the homozygous form would be 
expected to occur once in 15, 625 individuals. 

Data obtained from 5 years’ study show that when the fatuoid was 
open-pollinated it was cross-fertilized on an average 11.6 percent 
and that a maximum of nearly 47 percent of cross-fertilization 
occurred in a single season. Under similar conditions, normal 
Fulghum, recognized as being relatively subject to natural crossing, 
contained less than 0.5 percent of crosses in any season. 

The data indicate that the ordinary or A type fatuoid in Fulghum 
is less vigorous and more readily cross-fertilized than is the normal 
plant. This ms iy partly account for the susceptibility of the fatuoid 
toe ross-pollination and may be considered evidence that the persist- 
ence of fatuoids in normal oats is due in part to natural crossing. 

Covering the panicles with glassine paper bags to prevent cross- 
pollination reduced fertility in all cases. The percentage of decrease 
was least in Black Mesdag and greatest in the fatuoid. 

Fatuoids of the common or A type are slightly less vigorous than 
are normal Fulghum plants. This may explain the apparent reduc- 
tion in number of fatuoids per plot of Fulghum grown on Arlington 
Experiment Farm from fall seeding. 
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THE RELATIONSHIP OF THE PHOSPHATE CONCENTRA- 
TION OF SOLUTION CULTURES TO THE TYPE AND SIZE 
OF ROOT SYSTEMS AND THE TIME OF MATURITY OF 
CERTAIN PLANTS! 


By AnnA L. SOMMER 


Associate soil chemist, Department of Agronomy and Soils, Alabama Agricultural 
Experiment Station 


INTRODUCTION 


In an extended study of the nutrition of plants, a number of obser- 
vations and studies may be made, definite results can be obtained, 
and conclusions drawn on some of them long before the work is con- 
cluded. In such a study on phosphorus nutrition three phases have 
already given rather definite results and it is deemed well to report 
them before the project is concluded. They are as follows: (1) The 
interrelationship between the size and type of root system, the phos- 
phate concentration, and the amount of growth; (2) the size of root 
system as affected by the concentration of phosphate in the nutrient 
medium; and (3) the effect of different phosphate concentrations on 
the time of maturity. 

For the purpose of these investigations plants of various kinds were 
grown in a series of tanks containing solutions with phosphate con- 
centrations maintained at various constant levels. These cultures 
demonstrated that, all other conditions being the same, the minimum 
concentration for satisfactory growth varied with the kind of plant. 
The reason for such a difference may be either that one kind of plant 
may require a greater phosphate concentration in its nutrient media 
because of a difference in the amount necessary for physiological 
activities, or there may be a difference in the rate at which the root 
systems absorb the necessary ion, or both. Observations indicated 
that the type and extent of the root system might be an important 
factor. Experiments, therefore, were carried out to determine whether 
a relatively high concentration of phosphate was not often necessary, 
on account of the small extent of surface exposed, to supply the ion 
at a rate sufficiently rapid for satisfactory growth. 

Observations on the root systems of the plants grown in these 
solutions indicated that higher phosphate concentrations did not 
stimulate root development, that is, did not cause a greater per- 
centage increase for the roots than for the tops. Most studies in 
the past on the effect of phosphate on root systems took into con- 
sideration only increases in root weight and did not compare these 
increases with those of the tops. If the relative increase of the tops 
is as great as, or greater than that of the roots, a considerable part of 
the increase in the size of the roots of plants grown at higher phosphate 
concentrations may be due to the greater amount of food synthesized. 
Studies were therefore made in which the root-top ratio (weight) 
instead of absolute weights was taken as the criterion to determine 
whether or not phosphate actually stimulated root development. 


1 Received for publication June 5, 1935; issued March 1936. 
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Observations that a number of plants in solutions of low phosphate 
concentrations matured earlier than those in solutions of higher 
phosphate concentration led to a study of the effect of phosphat 
concentration on the time of maturity. The results of the study are 
reported herein. 

PROCEDURE 


The following plants were used in the experiments: Peas, buck- 
wheat, corn, tomatoes, wheat, and cotton. 

All plants were grown in solutions in 1,000-liter galvanized-iron 
tanks. These tanks were 4 feet in diameter and were coated on the 
inside with asphalt paint. The original composition of the solutions 
was the same for all constituents excepting monobasic potassium 
phosphate. The initial solution was made up as follows: 


Grams per 
1,000 liters 


Salts: ‘ of tap water 
KNO3.-.-- ; ear ereee  ae . 7 400 
CaSO,.2H,0- —— a ; 250 
MgS0,.7H,0 bie athecehia wea ee ape 150 
MnS0O,.2H,0 a - " ee ee ee ste Sei Miner acta 3. 5 
H;BO3_ - --- ° 3. 5 


Phosphate determinations on samples filtered through hardened 
filter paper were made at least once daily, and PO, as KH,PO, was 
added to maintain the desired concentrations, varying in these 
experiments from 0 to 12.8 p. p. m. A continuous current of air 
was used to agitate the solutions so that the PO, concentration would 
be uniform throughout the container. Twenty-five grams of hepta- 
hydrate ferrous sulphate (FeSO,.7H,O) were added (usually once a 
week) throughout the experiments. It was sometimes necessary 
during the early stages of growth to add the iron a little more fre- 
quently to maintain a good green color of the plants. The current of 
air was discontinued after the addition of the iron for a period of 
about 20 hours to prevent the rapid oxidation of ferrous to ferric iron. 
The iron precipitated the PO, almost completely so that during a 
period of 24 hours there was practically no PO, in solution. The 
current of air was started a few hours before the PO, was again added 
to oxidize the remaining ferrous iron to the ferric form so that the 
difference in the solubility of ferrous and ferric phosphate would not 
be a factor with which to reckon when restoring the PO, concentra- 
tion. Since much of the iron was precipitated as the oxide and the 
solution tended to become acid, 25 grams of calcium carbonate were 
added when aeration was resumed. The addition of the calcium 
carbonate also helped in the ease with which the PO, concentration 
was reestablished by aiding in the precipitation of the iron. There 
was always undissolved calcium carbonate at the bottom of the tanks. 

An excess of all nutrients excepting PO, was maintained. In most 
cases the plants were moved in rotation to the various tanks. This 
was done weekly just before the PO, concentration was restored. In 
other cases nutrient salts were added to the cultures that had grown 
sufficiently large to cause considerable decrease in the concentration 
of these salts. 

The plants were supported by corks (one plant per cork) which 
fitted in holes in the tops of the containers. 
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EXPERIMENTAL RESULTS AND DISCUSSION 


THE INTERRELATION BETWEEN THE SIZE AND TYPE OF ROOT SYSTEM, THE 
PHOSPHATE CONCENTRATION, AND THE AMOUNT OF GROWTH 


Two types of experiments were carried out in the study of the 
relationship of the size and type of root system to the minimum PO, 
concentration necessary for satisfactory growth. In both types differ- 
ent kinds of plants were grown in the same containers in which the 
PO, concentrations of the solutions were maintained at various levels. 
In the first type a study was made of the relative size of the surface 
of the roots as compared with the growth of the plants. In the sec- 
ond type the PO, concentration of the expressed juice of the stems 
between the roots and the cotyledons was determined to ascertain 
whether it, and therefore the rate of supply of phosphorus to the 
plant, was proportional to the surface of the roots exposed to the 
culture solution. 

Eight plants each of wheat, peas, buckwheat, corn, tomatoes, and 
cotton were transferred to each of four containers. The phosphate 
concentration in two of the tanks was maintained at 0.1 p. p. m. and 
in the other two at 0.8 p. p.m. These concentrations were chosen 
because previous experiments had shown that none of these plants 
made maximum growth in solutions in which the phosphate concen- 
tration was maintained at 0.1 p. p. m. but showed great differences 
at this concentration, and because all plants made good growth at 
0.8 p. p. m. although some of them did not make maximum growth. 
The seeds of all plants were germinated at the same time, and all 
seedlings excepting the tomatoes were transferred to the culture 
solutions on the same day. The tomato plants were too small at 
that time and were therefore not set out until 3 days later. 

Since there is no accurate way of measuring the surface of roots, 
all comparisons were a matter of judgment and photographs are the 
only evidence presented. 

Photographs were taken after the plants had been growing in solu- 
tions 23 days. In order to show their structure, the plants were 
placed on a tray under water while they were being photographed. 
The roots appear dark in the photographs because of the ferric oxide 
deposited on them. The ferric oxide precipitate greatly increased the 
visibility of the root hairs; and where they are numerous, they appear 
on the photographs as dark patches with hazy outlines. The roots 
of plants grown in solutions of low PO, concentration (0.1 p. p. m.) 
are shown in figure 1. Figures 2, 3, and 4, show the comparative 
size of plants grown in solutions with PO, concentrations of 0.1 and 
0.8 p. p. m. 

The root-top ratio (apparent surface of the roots as compared with 
the size of the tops) arranged in descending order for the plants grown 
in the solutions having a PO, concentration of 0.1 p. p. m. is as follows: 
Wheat, buckwheat, peas, tomatoes, corn, and cotton. For a con- 
centration of 0.8 p. p. m., the order was the same, with the exception 
of the tomato plants which grew the least. Root hairs on the wheat 
and buckwheat were by far the most numerous, those on tomatoes 
came next, thus making the order of size of root surface of these 
plants as compared with that of the peas rather doubtful since the 
peas had very few root hairs. No root hairs were found on the corn 
and cotton. 
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A, Peas; B, buckwheat; C, cotton; D, wheat; E, tomatoes, F, corn. 


Roots of plants grown in solutions w ith a PO, concentration of 0.1 p. p. m 


FIGURE 1 


























| 
FIGURE 2.—Buckwheat (A and B) and pea plants (C and D) grown in solutions with PO, concentrations 
of 0.8 (A and C) and 0.1 p. p. m. (Band D). 




























FIGURE 3.—Corn (A and B) and wheat plants (C and D) grown in solutions with PO, concentrations of 
0.8 (A and C) and 0.1 p. p. m. (Band D). 
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One group of four tomato plants became shaded by the corn during 
the latter part of the experiment. These plants then began to make 
rapid growth and when harvested were much larger than the other 
tomato plants in the same container and those in the other container 
of the same phosphate concentration. 

The difference in growth of different kinds of plants grown in the 
same kind of solution with varying PO, concentrations is shown in 
figure 5 and in table 5. The plants shown in figure 5 were transferred 
to the experimental solution in the cotyledon stage at the same time. 
A PO, concentration of 0.2 p. p. m. was maintained. 

In the second type of experiments, cotton, buckwheat, and tomato 
plants were used in the studies of the relative rate at which the roots 




















Figure 4.—Cotton (A and B) and tomato plants (C and D) grown in solutions with PO, concentrations 
of 0.1 (Band D) and 0.8 p. p. m. (A and C) 


of different plants supply PO,, because cotton requires a relatively 
high PO, concentration for good growth, whereas the other two plants 
grow well at much lower concentrations, and because these plants 
could be divided into comparable parts for analyses. In the first 
experiment two crops of buckwheat were grown in the same containers 
with cotton plants on which a study was being made to determine 
the minimum PO, concentration necessary for maximum growth. 
Yarlier experiments indicated that good growth of cotton could not be 
obtained at concentrations below 0.8 p. p. m. This was therefore 
the lowest concentration used in this experiment. Solutions of two 
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other PO, concentrations, 3.2 and 12.8 p. p. m., were included. After 
the cotton had been growing in the containers for 28 days, the first 
crop of buckwheat was set out (in the cotyledon stage) and allowed 
to grow for 10 days when it was harvested and a sec ond lot (also in 
the cotyledon stage) was placed in the solutions for the same length of 
time. At each buckwheat harvest some of the cotton plants were also 
harvested. The stems of both kinds of plants between the roots and 
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FiGURE 5.—Three tomato plants and cotton plants of the same age grown in solutions with a PO, concen- 
tration of 0.2 p. p. m. 





cotyledons were frozen for phosphorus determinations of the expressed 
juice, and the young leaves were dried and analyzed for phosphorus. 

In a second experiment PO, concentrations were maintained at 
0.2, 0.4, 0.8, and 3.2 p. p.m. These concentrations included those 
at which very little growth of cotton was made and above which 
greater growth was not obtained. A crop of buckwheat was grown 
with the cotton as in the preceding experiment and when harvested 
tomato plants were substituted. The tomato plants were allowed to 
grow for 25 days when they were harvested with the remaining cotton 
plants. At this time there were not enough cotton plants left in solu- 
tion of 0.2 p. p. m. for analyses and the tomato plants growing in 
solutions of higher PO, concentrations were so shaded by the rapidly 
growing cotton plants that they were discarded. Analyses were made 
as in the preceding experiment. 
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In a third experiment cotton and tomato plants were germinated 
and transferred to the containers at the same time. Phosphate con- 
centrations of 0.2 and 3.2 p. p. m. were maintained. Some of both 
kinds of plants were harvested for analyses at the end of 21, 29, and 
46 days. 

There was considerable difference in the amount of growth made 
by the tomato plants at low PO, concentrations in the last two experi- 
ments. The weather was cloudy most of the time during the growth 
of the plants in the second experiment, and the tomato plants in the 
solutions with a low PO, concentration appeared to make as rapid 
growth as those in solutions of higher PO, concentrations. Clear 
weather prevailed during the first few weeks of growth of the plants 
of the third experiment; the tomato plants at low PO, concentrations 
made poor growth and had the deep purple color that develops when 
phosphorus is deficient. Cloudy weather began 12 days after the 
second harvest. The tomato plants in solutions with a phosphate 
concentration of 0.2 p. p.m. immediately began to make rapid growth, 
water of guttation appeared the morning after each cloudy day, and 
the new growth was not purple. 

The results of these experiments are shown in table 1. With one 
exception the amount of phosphorus in the expressed juice of the 
buckwheat stems was considerably greater than that of the cotton 
stems. In this exceptional case the buckwheat for the last days was 
shaded by the rapidly growing cotton. Where the tomato plants 
were making good growth, in solutions of both high and low PO, 
concentration, the results were similar to those of the buckwheat 
but those tomato plants that were making poor growth at low PO, 
concentrations had less PO, in the expressed juice of the stems than 
did the cotton. Where the amount of phosphorus in the expressed 
juice of the stems was less for the tomato plants than for the cotton, 
the plants had been transferred to the culture solutions and had 
grown in sunny weather. Plants of the same group which were 
harvested after 46 days and which were harvested after a number of 
cloudy days contained more phosphorus than did the cotton harvested 
at the same time. 

There appears to be some factor which, under conditions of bright 
sunlight and low PO, concentration, decreases phosphate absorption 
for the tomato plant. Where the light intensity was sufficiently low 
the amount of growth of the tomato plant was that which would be 
expected for a plant with such a root system at low PO, concentrations. 

Further evidence of the difference in the PO, concentration neces- 
sary for the good growth of tomato plants under different light con- 
ditions was obtained in another experiment. One group of plants 
grown for the first few weeks in cloudy weather in a solution with a 
PO, concentration of 0.1 p. p. m. made better growth than did plants 
grown during sunny weather in solutions with a PO, concentration 
of 0.2p.p.m. Varying weather conditions appeared to cause different 
rates of growth for the plants growing in solutions with a PO, con- 
centration of 0.1 p.p.m. After the first few weeks of cloudy weather 
there were about 2 weeks in which sunny weather predominated. The 
tomato plants appeared to stop growing, and a purple coloration 
began to appear. After a day or two of cloudy weather, water of 
guttation again appeared and growth was resumed. 





Jan. 15, 


TABLE 
buck 


tions 


PO, cont 
per m 
ment © 


! 1 and 
Sand 4, : 
and later 
at the sa 


Al 
in the 
found 
turnip 
tion; 1 
next | 
oats \ 
syster 
these 
remoy 
tratio. 
condit 

Bot 
and b 
some 
ber of 
by dr 
its fin 
large s 
greatl 
here |] 
The r 
marke 
intens 


? Refers 














jan. 15, 1936 Relation of Solution Cultures to Type of Root Systems 141 


TABLE 1.—Phosphorus in the expressed juice of stems and in young leaves of cotton, 
buckwheat, and tomato plants grown in cultures of various phosphate concentra- 
tions 


Phosphorus in young leaves (dry weight) 
Phosphorus in expressed 


PO, concentration in parts juice of stem 


per million and experi- Potal Soluble 
ment no 
Cotton —_ Tomato} Cotton — Tomato) Cotton -. Tomato 
0.2 Percent Percent| Percent| Percent| Percent| Percent| Percent Percent| Percent 
} 0. 0035 0. 019 0.40 0. 80 0.15 0. 5S 
5 0033 0. 0021 44 0. 42 065 0. 057 
0046 0025 45 44 18 
0030 0042 25 65 14 22 
0.4 
} . 0055 029 58 . 87 39 57 
$ 0065 0183 66 16 40 89 
Us 
l 0090 020 55 76 35 53 
2 0090 030 76 1.10 52 . 86 
0089 024 72 1. 00 is 57 
0095 034 68 86 46 65 
2 020 040 1. 18 8S 84 61 
; 057 028 99 87 52 52 
0072 017 68 1. 09 33 . 82 
0073 021 70 1.05 41 90 
O11 049 93 1.12 27 . 83 
ds 
l 012 36 1. 00 90 68 67 
2 028 57 YY . 88 80 58 


| and 2, first experiment of test; cotton plants set out at the same time but different lots of buckwheat. 
sand 4, second experiment; cotton set out at the same time; first buckwheat was set out with cotton 3, 
and later replaced by tomatoes 4. 5, 5’, and 5’, third experiment; cotton and tomato plants all set out 
it the same time but harvested at 3 different times 


A number of investigators have shown that plants differ greatly 
in their capacity to use the phosphorus of the soil. Hartwell (3, p. 7)? 
found that carrots secured their entire needs under conditions where 
turnips were practically unable to grow without phosphatic applica- 
tion; millet and tomatoes ranked next to carrots; and beets and rape 
next to turnips. Cotton requires phosphorus fertilization whereas 
oats will make good growth without it. The soil is so complex a 
system that very little has been learned from soil studies to explain 
these differences. With solution cultures many of the difficulties are 
removed, and the problem may be reduced to one of the PO, concen- 
tration necessary for the normal growth of the plant under certain 
conditions. 

Both water culture and field experiments have shown that wheat 
and buckwheat are able to grow with lower PO, concentration than 
some other plants. Both of these plants produce an enormous num- 
ber of root hairs and, therefore, have a great root surface. If judged 
by dry weight, buckwheat would have a very small root system, but 
its fine roots and numerous root hairs with little weight present a very 
large surface for absorption. In solution cultures tomato plants vary 
greatly in the number of root hairs produced, but in all experiments 
here have produced very large root systems with many fine roots. 
The minimum PO, requirement for tomato plants appears to vary 
markedly with the amount of light; that is, the greater the light 
intensity the higher the PO, concentration necessary. 


? Reference is made by number (italic) to Literature Cited, p. 147 
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Cotton had the poorest root system of the plants studied. There 
were no root hairs or very fine roots on plants grown in the culture 
solutions. Its growth at low PO, concentrations was also much the 
poorest, with the exception of tomatoes grown in bright light. In 
cloudy weather, at 0.2 p. p. m., it made very poor growth, while 
tomato plants in the same containers were making very rapid growth. 

The requirements of greater amounts of phosphate for some plants 
than for others under field conditions can be explained only in part by 
solution-culture experiments. Snow (5) found that corn produced no 
root hairs in solution cultures but that they were numerous under 
normal soil conditions. This may explain the findings of Tidmore 
(6, 7) that certain soils producing good corn without PO, fertilization 
had in their displaced solutions PO, concentrations of only 0.03 to 0.05 
p. p. m., while solution cultures with a PO, concentration of 0.05 
p. p. m. produced very poor plants. The growth of corn obtained in 
solutions with a PO, concentration of 0.1 p. p. m. might be expected 
for such aroot system. According to weight, corn in solution cultures 
would be considered to have a large root system, but the roots for 
the most part are coarse and therefore the relative surface exposed is 
small. Another factor probably important, especially in neutral and 
alkaline soils, is the relative amount of carbon dioxide (CO,) given off by 
different plants. The carbon dioxide under these conditions may 
serve two functions in phosphorus nutrition, that of making more 
soluble the insoluble phosphates, and of producing in the immediate 
vicinity of the root a reaction more favorable for the absorption of 
anions. Newton (4) found that peas absorbed more calcium than 
did barley when grown in soil. He found that the roots of peas pro- 
duced more carbon dioxide than did those of barley and explained 
the greater absorption of calcium by the peas on the assumption that 
the solubility of the calcium was increased by the carbon dioxide, thus 
making more calcium available for the peas than for the barley. 
Breazeale and McGeorge (/) say that carbon dioxide is the most im- 
portant single factor in the fertility of alkaline soils. In many cases, 
because of the effect of carbon dioxide, the displaced soil solution may 
not give a true picture of what is available for the root. It is probably 
impossible, moreover, to get an adequate picture of conditions where 
root hairs are in contact with the colloidal fraction of the soil. 


THE SIZE OF THE ROOT SYSTEM AS AFFECTED BY THE CONCENTRATION OF 
PHOSPHORUS IN THE CULTURE SOLUTIONS 


In this study of the effect of PO, concentration on the size of the 
root system, particular attention was paid to the weight of the roots 
as compared with that of the tops, since it seems valid to say that 
phosphate fertilization stimulates root development only in case the 
relative increase in the weight of the roots is greater than that of the 
tops. 

Plants were grown under two sets of conditions. In one experi- 
ment tomato, pea, cotton, wheat, and corn plants were grown in 
solutions of which the PO, concentration was maintained at various 
low levels. In the other, tomato, wheat, corn, and cotton plants 
were first grown for several weeks with an adequate supply of PO,; 
some of the plants of each kind were transferred to phosphate-free 
solutions, while the rest were allowed to continue their development 
in solutions with a PO, concentration sufficiently high for good growth. 
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TABLE 2.—RKoot-top ratio, by weight, of plants of four kinds when grown in culture 
solutions of various phosphate concentrations 


Root-top ratio when grown at PO, concentration 


ol— 
Kind of plant 
and experiment Comments 
=e 0.1 0.2 0.4 0.8 3.2 12.8 
p.p.™.) p. p.m.) p. p. mM.) p. p. M.| p. p. Mm.) p. p.m 
romato 
I 0. 50 0. 33 0. 28 Young plants 
2 .47 . 39 
3 2.37 20.15 Do 
4 22.55 2, 24 Do 
5 54 29 Do 
Pea 
1 06 . 04 4 Mature plants. 
Cotton 
.13 05 0. 05 Do. 
2 2.92 2.77 2.49 2,32 Young plants 
3 2.44 2,28 2.23 Rapidly growing plants, same as 
above but | month older 
4. 21.35 2,48 |_. Between 5 and 6 weeks old 
5. .19 . 08 . 08 .12 Plants at 0.2, 0.4, and 0.8 p. p. m. 


had finished growing; plants at 
3.2 p. p. m. were same age but 
still growing. 


&. 2, 82 2.41 Young plants. 
W heat 
1 4 10 7 Plants all the same age, but those at 
0.2 p. p. m. had stopped growing 
‘ and produced ripe seed; those at 


0.8 and 3.2 p. p. m. still making 
vegetative growth 
Corn 


1. 78 55 f .19 Young plants 


Nos. 1, 2, ete., correspond to those numbers of table 3 and refer to the same plants 
? Green weights; all of the others, dry weights. 


TABLE 3.—Weighis of roots and tops of plants of four kinds when grown in culture 
solutions of various phosphate concentrations 


Weight of roots and tops when grown at PO, concentration of 


Kind of plant and experi- 0.1 0.2 0.4 0.8 3.2 12.8 
ment no.! p. p.m p. p.m p. p.m p. p.m. p. p.m p. p. m. 


Roots| Tops | Roots) Tops | Roots; Tops | Roots; Tops | Roots) Tops | Roots) Tops 





Tomato G G G G G G G G. G G G G 
4.9 9.9 9.8) 29.9) 10.7) 38.0 
2 22.6) 25.5 11.8) 30.5 
3 21.8) 24.9) 271.5) 29.7 
4 2.8) 21,1 2 25. 1)? 105.0 
, 5 2 26.5) 2 48.9 2 143.5)? 490.5 
:, Pea: 1 .6 10.1 1.8) 40.1 1.8) 47.6 
, Cotton 
16.2) 129.5 10.1; 196.6 
2 22.3) 22.5) 24.2) 25.5) 28.4) 217.1 
7 3 2 58. 0)? 136.0) 2 62. 0)2 224.0) 27 
4 - 23.8 22.8 -s .. 2% 
; 5 6} 3.2} 4.3) 54.0) 24.4! 320.0 
6 21.4) 21.7 
Wheat: 1 4.0! 92.8 6.7) 69.4 
- Corn: 1 1.4 1.8 2.7 4.9 
l on = mi 
3 ! Nos. 1, 2, ete., correspond to those numbers of table 2 and refer to the same plants. 


+ Green weights; all of the others dry weights 
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Where plants were grown in solutions of various PO, concentrations 
the root-top ratio decreased with increasing PO, concentrations in 
all cases excepting one wheat and one cotton series, which will be dis- 
cussed later (table 2). Not only was the root-top ratio usually greater 
at lower PO, concentrations, but the average weight of the roots in 
some cases (tomatoes (3), cotton (1), and wheat (1), table 3) was 
greater for some in the lower than in the higher concentrations. 
The much greater growth of the tops of cotton plants as compared with 
the roots for increasing PO, concentrations is shown in figures 6 and 7. 

These results are just the opposite of those reported by Turner (8) 
on wheat, barley, and cotton. His solutions, however, were not 
comparable to those used in this experiment since his low phosphate 
concentration was not only higher than the highest used in the experi- 
ment described above but higher than is commonly found in soil solu- 














FIGURE 6.—Cotton plants grown in solution with PO; concentrations of 3.2 (A) and 0.8 p. p. m. (B). 


tions. The total concentration of salts in his low PO, solution, 
moreover, was only a little over half that of his high PO, solution. 
The root-top ratio of wheat plants grown at the lowest PO, con- 
centration and that of cotton at the highest concentration in one 
series appeared to be exceptions to the rule that the root-top ratios 
decreased with increasing PO, concentration. The wheat plants at 
this low concentration had finished growing and produced ripe seeds, 
while those at the two higher concentrations were still producing 
many new tillers and making rapid vegetative growth. The excep- 
tional cotton plants were making vegetative growth when harvested, 
while those at the three lower concentrations had apparently stopped 
growing. A comparison of plants at different stages of growth is 
probably misleading since, as is shown by the work of Brenchley and 
Jackson (2), there is, in general, a decrease in the root-top ratio with 
the age of the plant. 
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Plants transferred from solutions of adequate PO, concentrations 
to phosphate-free solutions showed marked increases in root-top 
ratios. With one exception the amount of phosphate in the solution 
before the plants were transferred was 1.0 p. p. m. or less, so that the 
relatively large amount of growth of the roots as compared with that 
of the tops after transference to phosphate-free solutions could hardly 
be due to phosphorus stored in the roots. In two cases (wheat (1) 
and corn (1), table 4) the average weight of the roots of plants trans- 
ferred to solutions without phosphate was greater than that of the 
plants allowed to remain in solutions 








containing phosphate. The results of 

this group of experiments are shown 

in table 4. 

THE EFFECT OF DIFFERENT PHOSPHATE CON- 
CENTRATIONS ON THE TIME OF MATURITY 

Peas, cotton, and wheat were grown 
in solutions with phosphate concen- 
trations maintained at various levels 
and observations made as to the time 
of their maturity. The results of this 
work (table 5) show that with the 
exception of cotton at the lowest 
concentration, at which there was very 
little growth and no seed matured, the 
plants at the lower concentrations 
matured the earliest. 

It is commonly accepted that large 
applications of phosphorus hasten ma- 
turity of crops in countries where the 
growing period is short. Experiments 
with solution cultures, both as reported 
in this paper and observations made 
at other times, have shown that the 
growing period of plants is shortened 
where the amount of PO, is low. In 
the culture solutions all other neces- 
sary elements were maintained in ade- 
quate amounts so that phosphorus 
was the only limiting factor. Since 
under conditions of low fertility in 
the field unfertilized plants mature 
earlier than those with adequate fertilization, it seems probable 
that the depletion of one or more of several of the necessary ele- 
ments may be responsible for this early maturity. Where maturity 
is hastened by large applications of phosphorus the effect is therefore 
probably an indirect one. That is, there is greater growth because 
of the large applications of PO, and, owing to its more rapid growth, 
the plant absorbs more rapidly other ions and thus some other element, 
perhaps nitrogen, becomes a limiting factor causing early maturity. 


50929—36 5 














FIGURE 7.—Cotton plant grown in solution 
with a PO, concentration of 0.2 p. p. m. 
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TABLE 4.— Average weight of tops and roots and root-top ratio of plants of 4 differ 
ent kinds when grown in culture solutions of various phosphate concentrations anc 
later transferred to solutions containing and not coneeraeng proenets 








After transference to solution— 


























—_— PO, Containing no PO, } Containing PO, 
Kind of plant and PO, pa rg ee ee ——— 
experiment no. | before | ‘fou | | | 
trans- py PO, 
| ference Weight |W eight | — | Time | Weight |W eight | ei — 
| | of roots | of tops A. © | of roots of tops | A oy 
| 3 | | ture 
| 
A PR Pe 
Tomato: Weeks | P.p.m.| Grams | Grams Weeks | Grams | Grams P. P. . 
F cckicaamtiad 7) °04| 06] 15 | 0.40 3/ 11] 55] 0.20 1.4 
s. 7 .4 15) 27 | .55 6| 10.7] 47.0 .B ye 
aa 3 7 | 4 2.1 4.5 | 47 6| 23.0 77.1 30 .4 
| Nene? TES 7 4] 112.0/116.0 1,75 3] 121.7/ 173.5) 130 .4 
aman arcs 7) ft 119.5 | 121.5 1.91 | .6 | 1201.2 |1647.0| 1.31 4 
6_. 4| 2710] 1167/1116 | 1.58 2) 121.8] 140.1 1, 54 21.0 
eee ns 4} *1.0/ 1114/1148 1,77 4| 148.1 |1146.1 1, 33 11.0 
Wheat | | | 
eee 9 4 | 1.8 3.1 . 58 | i LT. ZS .14 4 
Sia. 9 | 4) 26) 50]  .52 6| 5.0] 221] 23 4 
| ae y 4] 1224/1160 | 11.40 3 | 133.0! 167.0 149 4 
aaa peat 9 | 4] 1262/1182 | 11,44 6| 175.4/1186.4] 1.40 4 
ae eed 4 -4/ 190] 147 | 1191 4) 1116) 1190) 461 | 4 
TE Es cccesouns 4 4 5.2] 15.08 . 34 6 4.4 23. 2 | -19 | 4 
Cotton: 4 | 
a ae aie 9 |1,040 3.1] 27.4 ll 6 6.5 69.0 09 50 
OL ORR TSaaeE 6 |1, 040 3.2] 251 | 13] 9| 65] 69.0 09 | 50 








1 Green weight; all others dry weight. 

2 PO, concentration brought up to 1.0 p. p.m. once a week. 

* Data from an experiment to determine whether cotton, if given large amounts of phosphate during 
earlier stages of growth, could make normal growth afterward if deprived of phosphate in the culture 
media. 


TaBLe 5.—The effect of various phosphate concentrations in the culture solutions on 
the time of maturity of plants of four different kinds 


[The seeds of all plants of each group were germinated and the plants transferred to the experimental 
solutions and harvested at the same time] 


| Aver- 
| PO, | age to , 
. | con- | dry | Description of plant at time o : 
Plant | centra- | weight | harvest Comments 
tion per | 
plant | 
P.p.m.| Grams } 
0.2 10.7 | Dead 1 week; seed mature. 





.8 41.9 | Drying at bottom; some of seed 





Pea... “t) | _ still immature. 
a3) #86... {SEES | A little less dry than plants at 0.8 p. p. m. 

( ae 96.4 | | Beginning to dry; seed mature..| Well-filled, mature seeds probably account 
for the high dry weight as compared with 
the larger plants at higher PO, concentra- 

Wheat 7 ; : oom. 
8| 76.1 | Making rapid growth; many | 
new tillers; heads at all states 
| of growth. 
ESS GiOh-cccdbwcsbosstblacecssé shobeusia Plants injured by aphids when first heads 
| | _ appeared. 
if 145 Not growing. | (Plants of this group were set out Aug. 10 and 
3.2 | 231 Making good growth and | harvested Jan. 2; all had many well- 
| blooming developed bolls, none of which opened, prob : 
12.8 199 ey ee ae cs ebahdedbbomed ably due to continued cloudy weather dur- 
ing November and December. 
2 4 Some green leaves but making | Four small bolls to 41 plants; bolls did not 
Cotton no growth. open. 
. -4 54 All leaves off; 96 percent of bolls | Average number of bolls per plant, 6. 


| open. 
-8| 320 Most of leaves off; 90 percent of | Average number of bolls per plant, 41. 
| bolls open. 
Some plants still making good | Average number of bolls per plant, 74. 
| grow th; 49 percent of bolls 
| open. 





3.2] 510 














Jan. 15, 


So 
relat 
size | 

T 
whet 
iting 
coul 
kind 
tain 
of tl 
anot 
ing ( 
tive 
whe: 
and 
conc 
and 
root 
the | 
and 
plan 

T 
so-¢ 
one 
tion 
wer 
tran 
incr 
rati 

T 
by 
con 

PO, 
S 
det 
kine 
E 
roo} 
} 


mat 


(1) 


(2) 


(3) 





Jan. 15, 1936 Relation of Solution Cultures to Type of Root Systems 147 





SUMMARY AND CONCLUSIONS 


Solution-culture experiments were carried out in a study of the 
relationship of the PO, concentration of the medium to the type and 
size of the root system and the time of maturity of certain plants. 

Two types of experiments were carried out in an effort to determine 
whether or not the size and type of root system played a part in lim- 
iting the minimum PQ, concentration at which certain kinds of plants 
could make satisfactory growth. In one type of experiment different 
kinds of plants were grown in solutions with PO, concentrations main- 
tained at 0.1 and 0.8 p. p. m., and a study was made of the relationship 
of the size and type of root system to the amount of growth. In 
another type of experiment, cotton, a plant with a root system present- 
ing comparatively small surface for absorption and requiring a rela- 
tively high PO, concentration, was grown in containers with buck- 
wheat and tomatoes, plants having more extensive root systems 
and making better growth at low PO, concentrations. Phosphate 
concentrations in the solutions were maintained at various levels, 
and the amount of phosphorus in the part of the stem between the 
roots and cotyledons and in the leaves was determined. Plants with 
the larger root systems made better growth at low PO, concentrations 
and more phosphorus was found in their stems than in the stems of 
plants with root systems of comparatively small surface. 

Two groups of experiments were carried out in a study of the 
so-called stimulating effect of phosphorus on root development. In 
one group, plants were grown in solutions in which the PO, concentra- 
tions were maintained at various low levels; in the other group plants 
were first grown with an adequate supply of phosphorus and then 
transferred to phosphate-free solutions. Comparisons showed that 
increasing PO, concentrations resulted in decreases of the root-top 
ratios. 

The effect of PO, concentrations on the time of maturity was studied 
by growing different kinds of plants in solutions in which the PO, 
concentrations were maintained at various levels. Plants in lower 
PO, concentrations matured the earliest. 

Size and type of root system probably play an important part in 
determining the minimum PO, concentration at which the different 
kinds of plants make satisfactory growth. 

High concentrations of PO, in solution cultures do not stimulate 
root development. 

Plants growing in culture solutions of low PO, concentrations 
mature earlier than those grown in solutions of high PO, concentration. 
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THE EFFECTS OF LOW-PHOSPHORUS RATIONS ON 
GROWING PIGS! 


By C. E. AUBEL, swine investigator, Department of Animal Husbandry, J. S. 
HvuGHEs, animal nutritionist, Department of Chemisty, and H. F. LienHARDT, 
pathologist, Department of Veterinary Medicine, Kansas Agricultural Experi- 


ment Station 2 
INTRODUCTION 


The discovery that aphosphorosis in domestic animals occurs quite 
frequently under ordinary feeding conditions in many localities 
throughout the world, has served to direct the attention of nutrition 
workers to the role of phosphorus in animal nutrition. As a result, 
many studies have been made; in most of them cattle or sheep were 
used as experimental animals. Among such studies are those of 
Theiler (9, 10);* Malan, Green, and du Toit (7); and Eckles and his 
associates (4,5). Considerable experimental work (4, 8) has dealt 
with the effect of phosphorus-deficient rations on animals and with 
the correction of these deficiencies. The literature reports rather 
fully the effects of low-phosphorus rations on other species of ani- 
mals, but not on swine. 

However, Bethke and his associates (1) have described the effects 
of the calcium-phosphorus relationship of the ration on the growth 
and bone formation in the pig, and Dunlop (3) has described the 
importance of calcium and phosphorus in the ration, as well as the 
relationship between these two elements with and without vitamin D. 

Otherwise the influence of low-phosphorus rations on body growth 
and on the mineral composition of the blood and bones has been little 
discussed ; and no specific information, so far as the authors are aware, 
has been recorded regarding other effects on growing pigs, of phos- 
phorus-deficient rations in which the calcium and other essential 
nutrients were supplied in adequate amounts. The effects of low- 
phosphorus rations on growing pigs, observed during the progress of 
experiments designed primarily to show the phosphorus requirements 
for growing swine, are here presented. The results of two feeding 
tests are recorded in which young pigs were fed rations differing only 
in phosphorus content. 


~XPERIMENTAL PROCEDURE 


The basal ration employed in these experiments consisted of 74 
percent of pearl hominy, 10 percent of tapioca roots, 10 percent of 
blood meal, 4 percent of alfalfa-leaf meal, 1.5 percent of dried brewers’ 
yeast, 0.5 percent of iodized salt, and 5 ce of cod-liver oil per pig per 
day. Enough calcium carbonate was added to these ingredients to 
bring the calcium content up to 0.77 percent in the first experiment 
and up to 0.70 percent in the second. 


1 Received for publication July 9, 1935; issued March 1936. This paper represents a portion of a thesis 
presented by C. E. Aubel in partial fulfillment of the requirements for the degree of doctor of gat at 
the University of Minnesota in 1935. Contribution no. 114 of the department of animal husbandry, 
no. 190 of the department of chemistry, and no. 62 of the department of veterinary medicine. 

2 The authors wish to give credit to Prof. J. F. Merrill for making the chemical analyses of the feeds and 
to R. R. Roepke for the analyses of the blood. Credit is also due Prof. D. L. Mackintosh for assistance in 
slaughtering 

Reference is made by number (italic) to Literature Cited, p. 159. 
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Three lots of six pigs each were used in each of the two experiments, 
which were carried on for 24 weeks each. The experiments were 
started shortly after the pigs were weaned at about 9 weeks of age, when 
they weighed from 40 to 50 pounds each. All the lots were housed 
in a well-lighted and well-ventilated building provided with individual 
pens paved with concrete and measuring 8 by 8 feet. Each pen had a 
10- by 8-foot outside exercise area open to the south, paved with 
concrete and fenced with wire. This outside area allowed the pigs 
access to the direct rays of the sun and exposed them, to a considerable 
extent, to ultra-violet rays. 

All the animals were fed individually twice a day. The amount 
fed daily was changed from time to time, but each received the amount 
of feed that the one consuming the least feed would eat morning and 
evening. This arrangement insured all the pigs ingesting the same 
amount of feed. 

The pigs were weighed and measured every 28 days throughout the 
experiments. An analysis of the calcium and inorganic phosphorus 
in the blood was made at the beginning of each experiment and at 
the end of each 28 days. A single sample of blood was drawn from the 
tail for these determinations. The Youngburg and Youngburg (//) 
method was used for the determination of inorganic phosphorus, and 
the calcium was determined by the Clark and Collip (2) method. 
The progressive effects of the low-phosphorus rations on the develop- 
ment of the bones, carcasses, and internal organs were noted at the 
end of each 56 days, when two animals from each lot were slaughtered. 

In order to feed the different lots of pigs at different levels of phos- 
phorus, monocalcium phosphate was incorporated in the basal ration 
to bring the phosphorus content up to the desired level. In the first 
experiment the phosphorus content of the ration fed lot 1 was 0.15 
percent, that of the ration fed lot 2, 0.29 percent, and that of the ration 
fed lot 3, 0.59 per cent. The experimental pigs were fed phosphorus 
at these levels for 7 weeks, at the end of which time a second mixture 
was made, which, because of variations in the phosphorus content of 
the ingredients, contained slightly higher amounts of phosphorus. 
The amounts were 0.18 percent in that fed to lot 1, 0.33 percent in 
that fed to lot 2, and 0.59 percent in that fed to lot 3. Rations 
containing phosphorus at these levels were fed during the remaining 
17 weeks of the experiment. 

In the second experiment the phosphorus content of the ration 
of lot 4 was 0.15 percent; that of the ration of lot 5, 0.23 percent; 
and that of the ration of lot 6, 0.30 percent. Enough feed containing 
these amounts of phosphorus to supply the pigs during the entire 
24 weeks of feeding was mixed before the experiment began. 


EXPERIMENTAL DATA 


In the course of these experiments five very decided effects of 
feeding the pigs the low-phosphorus rations were observed. These 
were: (1) The effect on the appetite; (2) the effect on the utilization 
of feed and storage of energy; (3) the effect on growth of the body and 
the development of bone and muscle; (4) the effect on the inorganic 


phosphorus in the blood; (5) the effect on the consumption of water 
and the excretion of urine. 








Ouro 


-awnre 


aw 


[] 


,_ — * 




















an. 15, 1936 Effects of Low-Phosphorus Rations on Pigs 151 


EFFECT ON THE APPETITE 


Loss of appetite in the low-phosphorus pigs in lots 1 and 4 began to 
appear as early as the fifth week after the pigs were placed on feed. 
This made it necessary to feed very carefully in order to have them 
consume the same amounts of feed as the other pigs. By the end of 
the fifth month it was no longer possible to get these pigs to eat the 
ration in a dry form. It was possible, however, because of an in- 

creased thirst which they developed, to induce them to eat their feed 

by mixing it with the drinking water. Toward the end of the experi- 
ments it was necessary to withhold all drinking water except that 
mixed with the feed. By mixing small portions of the feed in the 
water five or six times each day, by the end of the experiments it was 
possible to induce the pigs to consume nearly 6 pounds of feed daily. 
So greatly did they crave water that they soon learned to wait for 
the feed to settle, and it was necessary for an attendant to keep stirring 
the mixture in order to have the feed consumed. 

No difficulty over loss of appetite was experienced with the pigs 
in lots 2, 3, 5, and 6, which were on higher levels of phosphorus. 


TABLE 1.—Average feed consumed daily per pig, daily gains in weight, and feed 
required per 100 pounds gain in weight by 28-day periods in experiments 1 and 2 


EXPERIMENT 1 


: Average daily gain Feed required per 100 
Feed consumed daily +t goles oa apn eng RR oA 
Period (28 days) wae in weight pounds gain in weight 
igs ! oa - a. . ae a ed 
no. l ] 
Lot 1 Lot 2 | Lot3 Lot 1 Lot 2 | Lot3 Lot 1 Lot 2 | Lot3 


| 





Number Pounds | Pounds Pounds | Pounds | Pounds | Pounds | Pounds | Pounds | Pounds 
y 2 


| 
2 | 
3.1 3.1] .74] 96 "99 | 4189} 3229 3131 








1 6 2.5 2.5 2.5 0.72; 0.81 0.85 | 347 308. 6 
2 | 6 3.1 | 
eS 4 3.9 | 3.9 | 3.9 1. 06 1.09 1.16 | 367.9 | 357.7 336. 1 
S... 4 4.5 | 4.5 4.5] 1.15 1, 26 1.20 | 391.3) 357.1 375.0 
‘.. 2 5.5 | 5.9 | 5.9 | .74 1, 41 1.31 743.2 | 418.4 450.3 
Bun 2 5.7 5.9 5.9 | 1.28 150} 1.48 | 445.3] 393.3 398. 6 
Weighted | | | 
average aromas 3.7 3.7 3.7 | . 90 1.07 | 1.08 | 417.1 | 344.6 341.0 
a —_ a | — — — 
EXPERIMENT 2 
Lots 4, 5 | 
| and 6 Lot 4 Lot5 | Lot6 Lot4 | Lot5d Lot 6 





| 
| 











Number | Pounds | Pounds Pounds | Pounds | Pounds | Pounds | Pounds 

= 6 ey 0. 65 | 0.83 | 0.91 415.3 325. ¢ 296. 
, 6 3.3 81 1.00 1. 06 407.4 311.3 
Pins 4 3.5 . 86 1.05 1.19 406.9 3 | 294.1 
Dies 4 4.4 87 1.34 1.41 505. 7 312.0 
5 2 5.7 1.41 1.61 1. 62 | 404. 2 351.8 
en 2 6.0 1. 05 1, 28 1.27 571.4 472.4 
Weighted average ea 3.7 .85 1 09 1. 16 439.1 342. 6 321.7 











1 Of the original 6 pigs, 2 were slaughtered at the end of the second Paar 2 at the end of the fourth, and 
2 at the end of the sixth. 


EFFECT ON THE UTILIZATION OF FEED AND THE STORAGE OF ENERGY 


That the pigs on the low-phosphorus diet did not utilize their feed 
as well as those on the higher levels of phosphorus is shown in table 1. 
The data show that lots 1 and 4, the low-phosphorus groups, had 
during each period of the experiment the largest feed consumption 
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per 100 pounds gain. In lot 1, experiment 1, the consumption pe 
100 pounds gain fluctuated from period to period but was exception- 
ally high in period 5. As a rule, the fluctuation varied as the average 
daily gains, but the very high requirement of feed in period 5 was 
accompanied by a low average daily gain. No explanation can be 
offered for this unless the sudden change from a dry-feeding method 
to a thin-slop method might have caused some irregularity i in body 
weight. In lot 4, experiment 2, in which the change was made 
gradually from dry to slop feeding when the pigs began to lose their 
appetites, no such fluctuation was observed. 

While no direct measurements of the storage of energy were made 
in these experiments, on the basis of gains in weight it is evident that 
the pigs receiving the low- phosphorus ration stored less energy than 
those receiving higher amounts. The difference, however, is not so 
great as the difference in the body weights would indicate, because 
the low-phosphorus-fed pigs carried a higher percentage of fat and 
showed better finished carcasses. 

The thickness of the back fat opposite the seventh, eleventh, and 
thirteenth dorsal vertebrae was measured in experiment 2. The 
results, shown in table 2, indicate, according to the fat index suggested 
by Hankins and Ellis (6), that there was an average of approximately 
96 pounds of fat on the carcasses of the low-phosphorus pigs, as 
compared with 108 pounds on those of the high-phosphorus pigs in 
lots 5 and 6. 


TABLE 2.—Average thickness of the back fat at the seventh, eleventh, and thirteenth 


ribs of two pigs in lots 4, 5, and 6 at the end of the fourth and sixth periods of 
experiment 2 


Thickness at seventh 
vertebra 


Thickness at eleventh 
| vertebra 


Thickness at thirteenth 


vertebra 


Period (28 days) no. ‘ : 








Lot 4 Lot 5 | Lot6 | Lot 4 Lot 5 | Lot6 | Lot4 Lot 5 | Lot6 


Mm Mm Mm Mm | Mm Mm Mm Mm Mm 
or 34 27 30 30 | 26 27 | 
6. 51 | 43 45 46 | 40 | 41 42 39 | 35 
In the case of dairy animals on a low-phosphorus ration, it is 
impossible to keep the animal fat, for not only is the feed poorly 
utilized but it is impossible to induce the animal to eat sufficient 
amounts of the ration to store energy during the later stages of 
aphosphorosis. It was possible with ‘the pigs in this study to take 
advantage of their increased thirst to force them to eat their feed 
in the form of a slop, and thus provide excess energy to be deposited 
in the form of fat, even though they were not utilizing their feed as 
fully as the normal pigs. 


EFFECT ON THE GROWTH OF THE BODY AND THE DEVELOPMENT OF BONE AND 
MUSCLE 


One of the more marked effects of the lack of phosphorus in the 
ration was a failure of the body to grow normally, and especially to 
develop bones and muscle to a normal extent. 

It can be seen from the lower graphs in figure 1 that the hogs in 
experiment 1 receiving the low-phosphorus ration (lot 1), although 
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they received the same amount of feed and had the same initial 
weight, were about 17 percent lighter at the end of the experiment 
than those in lots 2 and 3. In experiment 2 there was a difference 
of about 25 percent in the weight of the pigs receiving a low-phos- 
phorus ration (lot 4) and that of those on the higher phosphorus 
levels (lots 5 and 6). 

Not only did the pigs on the low-phosphorus level weigh less (fig. 
1, C, D), but their lengths (fig. 1, A and B, and fig. 2) and heights 
(figs. 1, A, B) were also less. 
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FIGURE |.—Increases in the dimensions and weights of pigs on low-, medium-, and high-phosphorus intakes 
as compared with the dimensions and weights of normal pigs. Curves for normal animals were drawn 
from unpublished data supplied by the Division of Animal Husbandry of the University of Minnesota 
and represent the average of the records of 134 pigs of record-of-performance litters. The pigs in these 
litters were of all breeds and were self-fed on excellent rations. A and B show at a, height at shoulder, 
and at 6, length from base of ear to root of tail; Cand D show body weights. Lots 1 and 4 were on low- 


phosphorus, lots 2 and 5 on medium-phosphorus, and lots 3 and 6 on high-phosphorus rations, as explained 
in the text. 


The lighter body weight was also correlated with poorly developed 
bone, as is shown in table 3. This table shows for pigs on the dif- 
ferent levels of phosphorus, the variations in the bones, the specific 
gravity, breaking pressure, dimensions of the bone, and the ash 
content. 
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FIGURE 2.—Carcasses showing the development of the pigs in experiment 1: A, At the end of 8 weeks; 
B, at the end of 16 weeks; C, at the end of the experiment. Note the length and thickness of the car- 
easses. ‘The two carcasses on the left in each group are from lot 1 (low-phosphorus); the next two carcasses 
in each group are from lot 2 (medium-phosphorus); and the two on the right in each group are from lot 
3 (high-phosphorus). 
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TABLE 3.—Average specific gravity, breaking stren 
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The ribs and vertebrae of the pigs fed low levels of phosphorus 
showed poor calcification similar to that usually observed in animals 
suffering from low-phosphorus rickets. The poor development of 
bone is also indicated by the fact that as early as 7 weeks after the 
beginning of the experiments the legs of the low-phosphorus pigs were 
somewhat deformed. This condition became more marked as the 
experiments progressed, so that by the end of the experiments the 
pigs had difficulty in moving about in their pen. 

It is rather to be expected that the growth of bone, which contains 
a high percentage of calcium and phosphorus, would be materially 
influenced if the phosphorus were not provided in the feed. It is 
not generally thought, however, that this mineral plays such an 
important part in the development of the muscle, because the per- 
centage of ash in muscle is comparatively low. When it is considered 
that phosphoric acid is an integral part of the nuclei of the cells, 
which have much to do with the cell development, and that the 
phospholipins play an essential part in the function of the muscle 
fiber, it does not seem impossible that a deficiency in phosphorus 
would be reflected in decreased muscle development. 


EFFECT ON THE INORGANIC PHOSPHORUS OF THE BLOOD 


The results of the effect of low-phosphorus rations on the inorganic 
phosphorus of the blood (table 4) are in accord with the results 
reported by other investigators for swine. 





TABLE 4.—Average calcium and inorganic-phosphorus content of the blood of pigs 
by 28-day periods in experiments 1 and 2 
EXPERIMENT 1 
iia - a = , Inorganic phosphorus (per 
Calcium (per 100 ce of serum) 100 ce of whole blood) 
Period no. Pigs - = _ 
Lot 1 Lot 2 Lot 3 Lot 1 Lot 2 Lot 3 
Milli- Milli- Milli- Milli- Milli- Milli- 
Number grams | grams grams grams grams grams 
Initial !_._._-. 6 11.9 | 11.9 11.7 4.3 5.5 | 6.6 
ae eee 6 | 12.8 12.3 11.1 3.9 4.9 | 6.1 
2 6 13.3 12.4 11.8 3.4 4.8 | 5.4 
3. 4 13.7 | 12.9 12.3 3.7 4.8 5.9 
Oc dudsscdanusessescdebansseaaes 4 14.9 12.8 12.1 2.9 4.8 6.1 
5 2 13.3 12.1 12.4 3.2 5.1 6.0 
6 2 12.9 12.1 11.6 3.3 5.8 6.8 
EXPERIMENT 2 
Period no Pigs Lot 4 Lot 5 Lot 6 Lot 4 Lot 5 Lot 6 
Milli- Milli- Milli- Milli- Milli- Milli- 
Number grams grams grams grams grams grams 
Initial 6 9.7 10.0 10.0 5.5 5.7 5.7 
1 ; 6 12.4 11.2 11.2 4.1 5.0 5.7 
2 6 12.6 12.0 12.1 3.4 4.7 5.5 
3 4 11.0 10. 6 10.3 2.9 4.7 5.5 
4 4 11.9 12.1 11.0 2.7 4.8 5.3 
5 2 11.5 12.0 11.1 3.5 5.1 5.5 
= 2 13.2 13.7 11.5 2.6 5.4 6.2 


! The blood samples for this analysis were taken about 2 hours after the second feed of the experimental 


ration had been given the pigs. 
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An inspection of these data clearly shows that the pigs in lots 1 
and 4 quickly developed a state of phosphorus deficiency, which 
became more marked as the experiment progressed. Lots 1 and 4 
had the least amount of inorganic phosphorus in the blood. Lots 
3 and 6 had the highest percentage, while the amount in lots 2 and 
5 were between that of the other two lots. Since each lot received 
a different level of phosphorus in its ration and since each lot had a 
distinctly separate level of inorganic phosphorus in the blood, it is 
clearly evident that the amount of phosphorus in the feed readily 
reflects itself in the blood. 

This fact is shown further by the initial analysis of the blood of the 
pigs in experiment 1 (table 4). Through an oversight at the time 
of starting the experiment, blood was not drawn for analysis until 
after the second feed of the experimental ration had been consumed. 
In this short time the amount of phosphorus in the two feeds affected 
the inorganic phosphorus of the blood of the pigs in the three lots, 
so that three distinct levels resulted, corresponding to three definite 
levels in the rations. 


EFFECT ON THE CONSUMPTION OF WATER AND THE EXCRETION OF URINE 


The literature, so far as the authors have observed, does not mention 
an increased thirst as one of the symptoms of aphosphorosis. How- 
ever, the data for a digestion trial with dairy cows reported by Riddell, 
Hughes, and Fitch (8), in which the consumption of water was accu- 
rately measured, showed that the average amount of water consumed 
by the two low-phosphorus cows was about 4 percent more than 
consumed by the cows receiving the same ration supplemented with 
phosphorus. The low-phosphorus cows also excreted 27.2 percent 
more urine. However, no attention was called to these variations in 
the discussion of this digestion trial. 

In experiment 1 it was noticed as early as the second week that the 
pigs of lot 1 were consuming considerably more water than the pigs 
in the other lots receiving a higher level of phosphorus. Accordingly, 
a check of the consumption of water of the pigs was made for 2 days 
of each month. The results are shown in table 5. 


TABLE 5.—Water consumed daily by and weight of kidneys of pigs in experiment! 


Water consumed daily ! Weight of kidneys ? 
Period (28 days) no, Pigs —--— - —_— 


Lot 1 Lot 2 Lot 3 Lot 1 Lot 2 Lot 3 


Number | Kilograms Kilograms| Kilograms| Grams | Grams Grams 
3 77 3. 68 | 3.31 


as ; é a 6 . se alinastine 
| Se ed 6 | 9.09 7.13 5. 59 220 177 185 
4 8. 95 8. 22 6. 63 |....- ones Sean 
Ras 4) 11. 18 10. 13 8.27 | 302 264 230 
7 2 (3) 12.31 | 11. 45 hatiotenis niet 
6 2 (3) 15. 86 14. 13 395 280 275 


1 Average per pig calculated from the water consumption for 2 days of each month. 
2 Average for 2 pigs in each lot. ; 
3 No data were secured for lot 1 for periods 5 and 6. 
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While it was apparent that more urine was being excreted, no 
measure was made of it in this experiment. 

Because the pigs exhibited excessive thirst and urination, special 
attention was given to the weight and appearance of the kidneys at 
the time of slaughter. Table 5 shows that the kidneys of the pigs on 
the low-phosphorus ration were larger than those from the pigs re- 
ceiving the higher levels of phosphorus. It is also apparent that the 
differences in the weights of the kidneys became more marked as the 
experiment progressed. 

During the second experiment it was possible, by placing the pigs 
in a metabolism crate, to measure not only the water consumption 
but the excretion of urine for a 3-day period. 

The water consumption was 11,514, 6,190, and 5,903 g, and the 
urinary excretion was 8,541, 2,300, and 2 355 g for lots 4, 5, and 6, 
respectively. The average weights of the kidneys for lot 4 was 411 g, 
for lot 5, 366 g, and for lot 6, 335 g. 

Thus the increased thirst and the increased urinary excretion of 
the pigs on the low-phosphorus level were evident again. The 
kidneys also were larger in the low-phosphorus-fed pigs at the close 
of this experiment. 

Histological examination of the enlarged kidneys from the lots of 
pigs maintained on the low level of phosphorus disclosed that they 
were distinctly enlarged and light in color, presenting the appearance 
of a “large white kidney.’ Microscopically this organ showed evi- 
dence of a chronic diffuse nephritis of the parenchymatous type, and 
presented widened glomerular spaces around the glomerular tufts 
and also widely distended uriniferous tubules w ith flattened epi- 
thelial cells. A granular debris was present in some of the tubules. 

It is significant that the impaired kidney corresponded with the 
excessive urination and accompanying thirst observed in these experi- 
ments. 

SUMMARY 


The results are reported of an investigation of the effects of the 
feeding of different levels of phosphorus in the rations of 36 young 
pigs. 

Two experiments, each involving three lots of six pigs each, were 
carried on for 24 weeks. 

Data are presented to show the effect of deficient amounts of 
phosphorus in the ration on the growth and development of pigs. 

The results obtained indicate that the abnormalities resulting from 
feeding low-phosphorus rations were: (1) A loss of appetite, (2) a 
poor utilization of feed and storage of energy, (3) a failure to make 
normal growth and to develop bone and muscle normally, (4) a 
lowering of inorganic phosphorus in the blood, and (5) a marked in- 
crease in thirst and a corresponding excretion of urine. 
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